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CHAPTER 1: INTRODUCTION AND SURVEY 
The research in the area of the interaction between nucléons and antinucleons 
is a typical example of a field where many aspects and methods of both modern and 
"classical" elementary particle physics have been confronted with practice. 
The nucleon-antinucleon system turns out to be far from trivial for the 
experimental as well as for the theoretical physicist. It shows itself with many 
faces, and has intriguing features that are neither easily measured, nor easily 
explained. 
As such it has become in recent years the subject of extensive experimental 
and theoretical investigations. Until now, some of its aspects have been sucess-
fully clarified by these efforts but many of its mysteries remain unresolved. 
We will present in this chapter an overview of these experimentally observed 
features of the nucleon-antinucleon (NÑ) system. This overview is followed by a 
short discussion of the two major theoretical approaches, mentioned above. 
After having sketched in this way the relevant aspects of this area of 
research, we consider m more detail the most important models that are currently 
applied to describe (parts of) the NÑ interaction. The chapter is concluded with 
a summary of the status of our knowledge and an outline of the contents of the 
next chapters. Throughout this chapter we will sometimes refer to these following 
chapters. 
1. Features of the NN system 
1.1 Annihilation channels 
The features of the NÑ system are observed in experimental set-ups, where one 
usually directs a beam of antiprotons onto a solid or gas target. The most common 
is proton-antiproton (pp) scattering, since it is the easiest to perform and 
measure this type of scattering. Another reaction which receives much interest 
12 
currently is antiproton-nucleus scattering, for example scattering of ρ on С 
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Antiproton-deuterium scattering (pd) yields indirectly data about the antiproton-
neutron (pn) reaction. 
In all these cases one talks about low or medium energy scattering, i.e. the 
beam laboratory momentum ρ is respectively below 1 GeV/c and between 1 GeV/c 
and 10 GeV/c. 
Since nucleón and antlnucleon are antiparticles they can annihilate each 
other. This annihilation is in fact the most dominant feature of the NÑ interaction. 
The amount of energy available in the annihilation, already from a NÑ system at 
rest (1976 MeV), is large enough to create an abundancy of particles in the final 
state. These particles are mostly mesons which come in many kinds. The meson with 
the lowest mass (140 MeV) is the pion (π). Since on the one hand it costs only 
little energy to produce this particle, and on the other hand most heavier mesons 
decay rapidly into mainly pions (and are not directly detected themselves), one 
finds from the annihilation of nucleón and antlnucleon in the detectors mostly 
pions (95%) in relatively large numbers. The remaining 5% consists of strange 
particles plus pions. In Figure 1 we give the distributions of pions, resulting 
from annihilation of a proton-antiproton system at rest. The distribution peaks at 
a number of 5 pions, and when the same distribution is made for annihilation in 
flight, it shifts to still larger numbers of pions. In elementary particle physics 
a system of more than 2 particles is already considered as very complicated. So 
one should not expect to obtain a full description of this multi-particle 
annihilation. 
However, not only mesons can be produced from the annihilation of nucleón and 
antlnucleon. When the laboratory momentum of an antiproton colliding with a proton 
is increased many new channels open up, which contain for example neutron-
antineutron (nn) or ΝΝπ or strange baryons like lambda-antιlambda (ΛΛ). This last 
channel is treated in chapter 5. Now that all these thresholds can be accessed 
with an unprecedented fine-tuning and resolution of beam momentum by the new Low 
Energy Antiproton Ring (LEAR) at CERN, physicists speculate about a huge amount of 
new interesting experiments that might be performed. For example the ΝΝπ threshold 
at 2025 MeV gives the possibility to make recoilless piomc nuclei. The KKKK 
2 
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Figure 1: Probability distribution of pions from pp annihilation at rest. At 
plab = 0 · 0 aeV/0 the average is <N > = 5.0 ± .15, while at ρ, , = 7 GeV/a 
<N > = 6.7 ± O.S. 
π 
threshold around 1980 MeV gives the possibility to form (K K~)(K K~) di-atoms 
etcetera [1]. In Table I we give a far fros extensive list of thresholds that are 
within reach of LEAR. The fact alone that there are so very many annihilation 
channels possible in NÑ scattering already presents a formidable problem and 
possibility for experiment and theory. 
1.2 Cross sections 
In experiments one never measures all the possible separate cross sections of 
nucleon-antinucleon scattering. Instead, a few of the reaction channels are 
selected for explicit measurement and the rest is lumped together into а ссшпоп 
cross section. Most often measured are the proton-antiproton elastic cross section 
(σ
 1 = σ (pp ·+ pp) ) / the charge-exchange cross section (<J = σ (pp •* nn) ), the total 
cross section (σ = σ(ρρ -+ any)), and the annihilation cross section 
(σ.„ • σ_ - σ , - σ ). Furthermore one measures differential elastic and charge-
AN Τ e l CE 
exchange c ross s e c t i o n s (do ,/àSl, d c i / d f l ) , the p o l a r i z a t i o n Ρ i n e l a s t i c and 
el CE 
inelastic reactions, and sometimes spin correlation coefficients (notably in 
pp -* ΛΛ, see chapter 5). A large amount of data on total, elastic and charge-
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particles mass (MeV/c ) ρ (MeV/c) 
pp 1877 0 
пй 1Θ79 99 
K +K"K +K" 1975 647 
Κ
+
κ"κ
0
Κ
0
 19Θ3 676 
4Κ0 1991 705 
ρρπ
0
 2012 776 
ηηπ
0
 2014 785 
ршг , ρηπ" 2017 796 
ρ ρ Λ
0
 2146 1192 
- 0 0 
ηηττ π 2149 1199 
_ + η - - 0 
ρηπ π , ρηπ π 2152 1209 
ρρπ
+
π" 2156 1219 
ηηπ
+
π" 2158 1226 
ΛΛ 2231 1435 
ΛΣ
0
,ΛΪ
 0
 2308 1653 
ΛΛπ
0
 2366 1817 
Σ
+
Σ
+
 2379 1853 
l0î0 2385 1871 
Σ~ϊ~ 2395 1898 
Table i: A number of thresholds (<_ i stable •partiales) within the LEAR domain 
(p beam on ρ target). 
exchange cross sections is available now. In the last years especially the quality 
of the set of data is improving. These cross sections are for almost any model the 
starting point, and they contain already so much information that rather detailed 
models are needed to give a good fit to these data. 
The gross features of these cross sections are: the annihilation cross 
section is about 2/3 and the elastic cross section about 1/3 of the total cross 
section, whose momentum dependence is [2]: 
α
τ
 = 66
 +
 52/plab 
a ^ = 38
 +
 35/р1аЬ (1) 
a
e l = 28 + 17/р1аЬ 
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Figure 2: Black diso, minimum for Δϊ = λ/2 = Я sin (θ- ,). 
where ρ, . is in GeV/c. These formulas hold for 0.3 < p , . < 1.0 GeV/c. rlab lab 
The charge-exchange cross section is much smaller than the elastic cross 
section, about 10% of the total cross section. Since the neutron is slightly 
heavier than the proton, the nn channel opens at p, . = 100 MeV/c. The exact 
lab 
behavior of the charge-exchange cross section at very low momenta is still under 
experimental investigation. See also Figs 3 and 4 of Chapter 3. 
The differential elastic cross section shows a prominant peak in the forward 
direction (Fig. 1 of Chapter Э), followed by a minimum and the next maximum. It 
suggests, as we recognize from other situations, that there is an area of strong 
absorption. This forward diffraction peak is well reproduced, even in the simplest 
models of NÑ scattering, and it gives us immediately the dimensions of the system. 
For example, consider the area of interaction as a black disc with radius R. All 
partial waves that fall within the black disc (i.e. with angular momentum 
λ ~ P-R, where ρ is the center-of-mass momentum) are fully absorbed. The position 
of the minimum in Figure 1 of Chapter 3 (cos θ = 0.1, i.e. sin Θ, . = 0.64) 
cm lab 
gives the radius R = 1.13 fm (see Figure 2). 
2 
The total black disc cross section is σ = 2IT(R+ 1/p) . However, the black 
5 
disc gives σ , = σ_ , which obviously does not hold. 
el AN 
The backward elastic cross section (Figure 2 of Chapter 3) is 30 to 100 times 
smaller than the cross section in forward directions. In contrast to the forward 
peak this cross section is only reproduced well in detailed models. 
The differential charge-exchange cross section shows a dip-bump structure in 
the forward direction. The structure has recently been measured again with much more 
detail [3]. It is more or less reproduced in models that incorporate pion-exchange. 
About the polarization in pp elastic scattering only data of poor quality exist. 
The few data available (Figure 6 of Chapter 3) are of measurements at forward 
angles. Various models show quite different predictions at larger angles [4]. 
An interesting observable is the low-energy differential forward elastic cross 
section. The Coulomb interaction is non negligible at low energy and the elastic 
cross section is enhanced due to the Coulomb attraction. From the interference of 
the "nuclear" scattering amplitude and the Coulomb scattering amplitude the ratio 
ρ of the real and imaginary part of the nuclear amplitude is inferred. Several 
measurements of this ρ now exist and one tries to go to still lower energies (e.g. 
5). However, the extraction of this parameter ρ is far from ambiguous, as has been 
shown, using the model of Chapter 3, in [6]. 
Nevertheless, the quest for the value of ρ at very low momenta is inspired by 
an indication in these data that there might be a bound state just below the pp 
threshold. 
1.3 Resonances and bound states 
This brings us to the topic of bound states and resonances in the NN system. 
Partly due to theoretical investigations there has been a lot of experimental effort 
to search for these states. Below the pp threshold, possible rather stable states 
can be detected through photon or pion emission, from a pp system at rest. There 
are several claims for those sub-threshold states [7,8], but there is no conclusive 
evidence yet. Table II lists the observed sub-threshold states. 
6 
mass width 
1210 < 29 
163Θ ± 38 
1694 < 12 
1771 < 8 
1775 < 10 
Table l i s Siúb-threahold states. 
Just below threshold we find the atomic bound states: the pp system forms a 
bound state, called protonium, due to the attractive Coulomb interaction. The 
dimensions of the atomic pp system (< 30 fermi) are large compared to the range 
where the annihilation comes into play (at least below a few fermi). These states 
can be observed from X-ray emission. They are somewhat distorted by the 
annihilation (which has a comparatively short range but is very strong) thus 
giving both a shift in the well-known "hydrogen" levels, as well as a width to 
these atomic bound states. Both this real and imaginary atomic level shift are in 
the order of one to a few keV. 
At energies above the pp threshold, one finds (or hopes to find) the famous 
S resonance. In several experiments a structure In the total or annihilation cross 
section at a center-of-mass energy of about 1934 MeV has been observed. Also 
theoretical models predicted a number of states in this energy region [9]. However, 
more recent experiments (about since 1978) did not confirm the earlier, less 
accurate measurements. In Table III we show the conclusions of a series of 
experiments since 1968. Still, also data that were in first instance thought to 
contain no structure do contain a structure at exactly this energy of 1934 MeV, 
when they are reanalyzed. We have done this for a particular set of backward 
elastic scattering data in Chapter 4. Recently another experiment [lO], which 
measured the total cross section, has been reanalyzed, and again contrary to the 
previous-'conclusion, a strong signal for a resonance is now observed in the data 
[11]. For the moment we conclude that the question of the existence or non-existence 
ref. 
7 
7 
7 
7 
8 
7 
year 
196Θ 
1974 
1975 
1975 
1976 
1977 
1979 
1979 
1980 
1980 
1980 
1980 
1981 
1981 
1982 
1983 
reference type evidence 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
10 
28 
2 
29 
do ,/dSJU 80 ) 
e l 
da ,/<3Ω( 180 
e l 
do ,/dn<180 ) 
e l 
CE 
5π 
AN 
Τ 
mesons 
Table III: Experiments searching for the S. 
of the S Is not settled and that new experiments are needed. 
At higher energies lie the well established Τ and U resonant regions at 2150 
MeV and 2350 MeV, where broad structures are visible in for example the elastic 
cross section [12]. When they are attributed to single resonances one finds a 
width Γ of over 100 MeV. An analysis of the reaction pp -»• irn in this region 
reveals several resonances, all very broad (150 - 400 MeV). 
2 
Finally, there is evidence for a narrow (Γ < 20 MeV/c ) resonance at 2020 MeV, 
seen in the r e a c t i o n pp •* рпттитг [13] and in pn •* ττππ [14] . 
Also searches have been done in so-called exotic exchange of resonances in 
the reactions π ρ -»• (ρ it ) (pp) [15]. In Figure 3 the reaction is pictured. 
6 
fast 
π 
Figure 3: Exotic exchange in n ρ ·*• (p„ .ir )(pp). 
2. Theoretical methods 
In considering the interaction of nucléons and antinucleons we must 
distinguish from the beginning the nuclear and the quark physics approach. The 
difference between the two lies in the way the nucleón is considered. Primarily, 
nuclear physics sees the nucléon as an elementary, indivisible object. In quark 
physics terms, however, the nucleón is a composite entity, made up out of three 
valence quarks and containing possibly also sea quarks and gluons. In first 
instance one would expect that the radius of the nucleón sets a scale where 
compositeness comes into play. Although the tools to describe the system may often 
be the same for both methods, the starting point is quite different. One of the 
major problems of current low and medium energy particle physics is how the two 
pictures, which are generally considered to be complementary rather than opposite, 
can be combined. Especially in this low and medium energy region we are talking 
about, one is confronted with the need to have at least some ingredients freni both 
methods and much effort is spent in finding a synthesis of the two. 
Below we consider the two approaches in some detail. 
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2.1 Nuclear physics approach 
In terms of nuclear physics, the interaction of nucléons and (anti) nucléons 
is mediated by mesons. The mesons come in various kinds and we may neglect the 
substructure of both mesons and nucléons, although the fact that they are not 
pointlike (nucléons are in the order of 1 fm) is taken into account by using form 
factors in the potentials that result from meson exchange. 
The nucléons (proton and neutron) are members of a multiplet of baryons, which 
contains furthermore also the Λ, Ζ and Ξ particles. Several other multiplets of 
baryons are found in nature. The mesons, like e.g. the pion, also come in 
multiplets. In general one thus has interaction between the baryons through the 
exchange of members of meson multiplets. The multiplets are formed by grouping the 
baryons together on the basis of an underlying symmetry they possess. The symmetry 
is expressed with the help of the group SU(3). 
The formalism of meson exchange in baryon-baryon (BB) interaction, starts 
with calculating the amplitudes for one or two meson exchange with the help of 
Feynman diagrams (see e.g. Chapter 5). The relativistic Bothe-Salpeter (BS) 
equation describes the full amplitude, which comes from multiple exchanges of 
mesons. This equation contains four-dimensional momentum integrals. It can be reduced 
[30] to the Blankenbecler-Sugar-Logunov-Tavkhelidze (BSLT) equation where the 
zeroeth component of the exchanged momentum is integrated out and which is 
essentially equivalent to the relativistic Lippmann-Schwinger equation. This 
equation on its turn is equivalent to the relativistic Schrödinger equation, which 
we apply too. 
Potentials resulting from and applied through this procedure have turned out 
to be very successful and the use of e.g. One-Boson-Exchange Potentials (OBEP) is 
well established for the detailed description of nucleon-nucleon scattering. 
In order to use the potentials for baryon-baryon scattering in general, the 
SU(3) formalism relates coupling constants of different baryon-baryon-meson vertices. 
The step to nucleon-antinucleon scattering is easily made, since one can 
transform the nucleon-nucleon meson exchange potentials by simple rules to the 
10 
potentials resulting from the exchange of a meson between nucleón and antlnucleon 
(or baryon and antlbaryon). With the knovm coupling constants from BB scattering one 
thus has a starting point to calculate NN scattering. The meson exchange potentials 
for BB scattering and BB scattering are tightly connected. An example of such a 
connection is the G-parity rule for NN and NÑ scattering, which states that the 
relative sign of the potential from the exchange of a meson in NN and in NÑ is 
equal to (-) , where G is the G-parity of the exchanged meson. For the connection 
between BB and BB scattering in general see Chapter 5. 
With the help of this transformation, one has calculated the NÑ potential 
from the NN potential. Large cancellations of potentials occur in the NN system 
whereas, due to sign changes, they now become coherences of potentials in the NÑ 
system. These potentials are quite attractive, which has led to the speculation 
that bound NÑ states (dubbed "quasi-nuclear states") are very well possible [31-38]. 
In NN the inner region (below 0.6 - 0.Θ fm) is described with hard cores [30] 
or with soft cores as in [39], sometimes in a parametrized form [40]. In fact, the 
hard core treatment shows that there is little information on the short range NN 
interaction. The hope has been expressed that the NÑ interaction may shed light on 
the actual short range NN potentials. But this implies, that in first instance 
there is little or no prescription from NN for the short range NÑ potential. 
Usually in NÑ some ad hoc approach is taken regarding this point. 
Apart from this short range complication, one also has to deal with the 
annihilation which, as shown, constitutes a very important part of the NÑ 
interaction. The approach here is either to start right away with some 
phenomenological annihilation potential, or to try to "derive" a potential from 
annihilation of NN into mesons (Figure 4). 
Since in Figure 4 a nucleón is exchanged, this is essentially an annihilation 
potential of the very short range of l/m„ =0.2 fm (with m^ the nucleón mass). 
In practical calculations within the nuclear physics approach, one always uses 
two-particle equations, even though the final state contains on the average 
5 pions. This is mainly due to a lack of methods to handle the complications of a 
many-body system and the (justified) hope that the details of the annihilation 
11 
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Figure 4: Annihilation of NN into tuo mesons, via nucleon-exchange. The mesons may 
subsequently decay. 
channels are not visible in "overall" features like the above mentioned total and 
elastic cross sections. 
Even then, one can choose either to take the different coupled channels into 
account (i.e. the NÑ channel and the two-meson channels), or to use an optical 
potential in the NÑ channel only. An optical potential contains an imaginary part, 
which causes the "leaking away of probability", i.e. the annihilation of the NÑ 
system. Our approach has been to apply a coupled channels model with a set of 
effective two-meson channels (see Chapter 3). 
The phenomenological nuclear physics models have been rather successful. The 
cross sections mentioned above are described quite accurately. Of course, the 
disadvantage of the models is that they are not derived from "first principles". 
In section 3 we discuss some of these models. 
2.2 Quark physics approach 
Quark physics considers not the nucléons and mesons as elementary particles 
but the quarks and gluons. Quarks were introduced in 1963 as fundamental building 
blocks of matter (next to the leptons of which we know nowadays the electron, muon, 
tau and their neutrinos). The quarks have the properties flavor (which comes in 
the six types: up, down, strange, charm, bottom, and top) and color. The theory 
that describes the interaction of the quarks is called Quantum Chromo Dynamics 
(Q.C.D.). It contains the gluon fields next to the quark fields. Gluons couple to 
12 
colored objects, like the quarks, but also like themselves, because they carry 
colorcharge too. In nature one observes only colorless ("white") systems, I.e. 
combinations of quarks and gluons for which the total colorcharge is zero. Colored 
systems seem to have the property that they have an infinite or at least very high 
mass, so they are unlikely to be found in nature or to be produced by accelerators. 
This property is called confinement. QCD, is the hope, gives an explanation for it. 
When one probes deep inside a nucleón (that means at very high momentum transfer) 
for example with a beam of electrons, the quarks are found to be weakly bound, and 
one can do perturbative QCD calculations in this region. However, in the low-
momentum transfer regime ("long" distance interaction) the effects of confinement 
are very clear (one does not observe free colorcharge) but not easily calculable 
from QCD. So when one wants to calculate e.g. the spectrum of hadrons (baryons and 
mesons) or baryon-(anti)baryon scattering one has to resort to other methods, -ike 
bag models or confining potential models. In both cases it is assumed that the 
framework is derivable from QCD. 
The baryons are build from three quarks (qqq), which can form a colorless 
combination. Furthermore they can contain gluons and quark-antiquark pairs. The 
mesons are built from one or more quark-antiquark (qq) pairs (and gluons). In 
terms of quarks the annihilation of nucleón and antinucleon sheds another light 
on a picture like Figure 4. One can now read two-meson production as for example 
Figure 5a or 5b. One of the produced mesons may subsequently decay, which yields 
a three-meson state. Three-meson production can, however, also be pictured as in 
Figure 5c. Finally, all of the mesons may undergo further decay, so that we end up 
with a multi-meson final state. 
Figures 5a and 5b involve quark-antiquark annihilation and creation. Figure 5c 
involves quark rearrangement. The intermediate state in Figure 5a, after qq 
annihilation contains a qq-qq system. This is something completely new, not known 
in nuclear physics. Do such qq-qq systems really exist, are they observable? These 
questions stimulated theorists to make predictions for qq-qq states (they are called 
baryonium) and experimentalists to start a hunt for qq-qq states (especially in 
NÑ scattering, which looks very well suited for creating these states). The evident" 
J 
M, 
Figure 5a: Annihilation of NN into tuo mesons (single qq annihilation). 
» 
• 
Figure 5b: Annihilation of NN into tuo mesons (double qq annihilation and one qq 
pair creation). 
Figure 5c: Annihilation of NN into three mesons, through rearrangement of quarks. 
for baryonium is not concluding until now. 
Within the context of one of the mentioned "ansatzes", bag or confining 
potential, for baryons and mesons, one is trying to calculate NÑ scattering from 
quark physics, applying qq annihilation/creation or quark rearrangement or both. 
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Many complications occur here. To mention a few: not only are there as many 
final states possible as in the nuclear physics but there are also more intermediate 
states, like the qq-qq states. The potentials obtained are in general nonlocal and 
energy-dependent. Gluon exchange can influence rearrangement and qq creation/ 
annihilation. There are several possibilities for the state in which the quark and 
antiquark are annihilated/created. The nonorthogonality of the qqq-qqq NÑ state and 
the qq-qq-qq three-meson state comes into play. 
Until now, many approximations and phenomenological inputs are needed in order 
to obtain any reasonable result for cross sections at all, and in this sense the 
quark physics approach has not been as successful as the nuclear physics approach. 
On the other hand, this more fundamental approach is perhaps suited to calculate, 
with given wave functions from e.g. a nuclear physics model, special effects, like 
the production of qq-qq states, or selected channels. Some quark physics models 
will be described below in section 4. 
3. Nuclear physics models 
3.1 Boundary condition 
We already mentioned the black disc model in section 1 of this chapter. This 
model gives already a resonable total cross section and forward elastic cross 
section, but is wrong for the integrated elastic cross section and causes large 
fluctuations in da ./àSl due to the sharp cutoff in angular momentum. Another simple 
model is the boundary condition model. Here a boundary at radius R is assumed, 
where a particular boundary condition holds for the NÑ radial wave function u (r). 
For example, one could assume that outgoing waves are completely suppressed at 
this boundary, due to the strong absorption. The boundary condition reads: 
fl = u^dO/u^R) = - ip (2) 
with ρ the center-of-mass momentum. This is called the "continuum theory" because 
it does not produce individual resonances [41]. With R = 1.03 fm a remarkable gooc' 
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fit to σ and σ , is obtained and to the dominant forward elastic peak. However, at 
Τ el 
larger angles the model is completely off the experimental value, and it does not 
give any charge-exchange cross section. It only becomes a real nuclear physics 
model, when one supplements it with e.g. an OBEP potential for r > R. Then also the 
charge-exchange (differential) cross section is unequal zero. It shows the 
characteristic dip-bump in the forward direction, probably due to pion-exchange. 
Some authors [42] adjust the condition (2) by replacing the momentum ρ by 
& /p /2ni - Vn-pnWf which is the effective momentum that one finds in the Schrödinger 
equation. 
The boundary condition models teach us that there is a region of strong 
annihilation of a dimension in the order of 1 fm. Outside this region at least pion 
exchange is needed. The lack of detailed description of the inner region is 
visible in the bad results for backward scattering data. Boundary condition models 
give us a quick and easy, but not too good representation of the data. 
3.2 Optical potential 
One of the oldest and most successful models for NN scattering is the optical 
potential model of Bryan and Phillips [43]. They use a G-parity transformed 
meson-exchange potential for the real part of the potential and add to this an 
imaginary potential of the Woods-Saxon type: 
W(r) = - i-W0/(l + exp (ma-r)) (3) 
The strength W. = 8.3 GeV and m = 1 GeV. This is a very strong potential and 
although it seems to have a short range (1/m = 0.2 fm) its effective range 
R ._ и 1 fm. The model gives with only two parameters a reasonable fit to all low-
energy data. The model has been modified by several authors. For example Dover and 
Richard [44] add a real attractive potential of the same form as (3). This potential 
is also very strong: 10 GeV at r = 0. Although the range parameter 1/m = 1/m^, 
seems to indicate nucleón exchange (Figure 4) as the annihilation mechanism, this is 
actually not the case, since on the one side, as said the range actually is much 
longer and on the other side, this mechanism would give a repulsive real (energy-
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dependent and nonlocal) potential. Also actual calculations to derive an 
annihilation potential fren diagrams like Figure 4 were not successful in 
reproducing the data. It turns out that the optical potential obtained from 
annihilation into two mesons through nucleon-exchange cannot account for more than 
40% of the annihilation cross section [45]. 
Another optical potential model is the Paris NÑ model [46]. In this model a 
detailed, truly short-range (R .. S 0.7 fm) annihilation potential is applied, 
which contains several potential types (central, spin-spin, spin-orbit and tensor) 
and also has some energy-dependence. Furthermore, the meson-exchange potential below 
0.8 fm is modified by a quadratic function. This model gives the most accurate fit 
to the experimental data of all optical models, however, at the expense of some 
20 free parameters. 
Thus, the different optical potential models do not have similar results with 
respect to the radius of the annihilation region. It is also remarkable that, in 
order to improve the fit to the data, the number of free parameters has to be 
increased from two or three to very many. No new information is obtained regarding 
the short range behavior of NÑ potentials. For long range interaction meson-
exchange works well, as expected since the nucléons hardly overlap. 
3.3 Coupled channels 
The coupled channels method is used in practice by replacing the very many 
possible many-body channels by a set of effective annihilation channels. The 
advantage of the coupled channels approach is that energy dependence and nonlocality 
and also angular momentum I dependence, which has to be put explicitly into optical 
potentials, is built-in through the coupling of the NÑ channels to the annihilation 
channels, even with local, energy and I independent transition potentials. Also the 
unitanty of the scattering matrix is automatically guaranteed. Furthermore one 
obtains more information in this way, since one now also explicitly calculates the 
annihilation cross section to the selected channels. The fact that one still works 
within the framework of the two-body interaction and truncates the extensive set of 
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Channels holds for these models as well as for nuclear optical models. The drawback 
of the coupled channels approach is that there are so many possible channels, that 
even when only a limited set or an effective set of channels is taken into account, 
the number of channels becomes so large that a program to calculate observables 
consumes a considerable amount of computer time. 
The coupled channels approach has been applied to locate poles in the complex 
plane and thus to study the energy and width of quasi-nuclear states [31,33]. The 
results are contradictory, where in some models large widths [33] and m others 
[31] small widths are predicted. A detailed representation of the cross sections is 
not obtained in these models. 
Another application of the coupled channels approach is the model we have 
developed and of which details can be found in the next chapters. Two effective 
annihilation channels are taken into account in this model, one with a high 
threshold (1700 MeV) and one with a low threshold (420 MeV). The model takes the 
Coulomb interaction and the proton-neutron mass difference exactly into account. 
The results of this model for cross sections are the best obtained with any 
model until now. However, here too, many (14) parameters are needed. The annihilation 
range found in this model is large, m the order of 1.5 fm. The low-lying channel, 
thought to represent low-pion multiplicities, contributes 1/5 to 1/3 to the 
annihilation cross section. 
This coupled channels model seems to incorporate already more of the actual 
physical situation than the optical models, since the data are better reproduced. 
As such it looks as if we should favor models with a large annihilation radius. 
The model gives additional information concerning the different (effective) 
annihilation channels. It is well suited to incorporate for example special two-
meson channels. 
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4. Quark physics models 
One of the ma]or questions In applying quark physics to the NN system is whether 
the underlying mechanism for the annihilation of NN into mesons is quark rearrange-
ment [47] or quark-antlquark pair creation/annihilation. For a clear cut situation 
one can reconstruct from the data, whether the NN annihilation proceeds via two-
meson intermediate (and partly also final) states or via genuine three-meson 
intermediate (and partly also final) states. 
However, the data on NÑ •* mesons are not unambiguously interpreted in the 
literature. One finds the statement that 90% of the annihilation goes directly into 
three mesons [4Θ] as well as the statement that 90% of the annihilation is through 
two-meson states [49,50]. 
Examples of these different modes are pictured in Figures 5. In principle the 
rearrangement and annihilation/creation diagrams can be influenced by gluon exchange 
among the quarks. 
The annihilation of a quark-antiquark pair can proceed in the P. or in the 
S. state as lowest J possibilities for the pair. The Ρ or Quark Pair Creation 
model attributes to the quark-antiquark pair the quantum numbers of the vacuum. For 
the S model, the pair should couple to a particle with these quantum numbers, for 
isospin 1 = 0 e.g. a gluon [51]. Often S-wave harmonic oscillator wave functions for 
the quarks inside a nucleón or meson are used. 
A typical example of a calculation of quark rearrangement can be found in [48]. 
In this calculation the angular momenta between N and N are taken to be zero, as 
well as the angular momenta of q and q in the mesons. This means that only π, ρ, 
η, and ω come out and since a diagram as Figure 5c is evaluated, no ss contents 
is present in the last two mesons (ideal mixing). There is no (residual) interaction 
between the quarks and antiquarks. The experimental branching ratios for a NÑ 
system annihilating at rest are well reproduced in this seven-parameter model. The 
model has been extended to include quark pair annihilation (with the exchange of a 
S. particle), resulting in a two-meson final state. As in most other quark physics 
models, the annihilation interaction is translated by means of the standard 
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procedure [52] into an optical potential for the NÑ channel. The optical potential 
consists of a sum of separable potentials which give annihilation in S, Ρ and D 
waves only. In the NN channel also an ОВБР is added (modified in the inner region). 
Now not only branching ratios at threshold are calculated but also scattering 
observables below P l a h
 =
 800 MeV/c. A very strong repulsive central potential is 
needed in order to obtain at least qualitative agreement with the data. 
This example demonstrates the problems that hamper until now most quark 
physics calculations: one takes a subset of all possible reactions into account and 
either one calculates only a very limited set of observables, or one has to supply 
considerable phenomenological modifications and make severe approximations in order 
to obtain qualitative agreement with experiment. 
It has been concluded [53] that the P. model cannot supply enough annihilation. 
T h n conclusion was, however, reached with a model that allowed only mesons with a 
relative qq S-wave. The optical potential obtained in this way is again separable 
and works only in P-waves. When in contrast to what is usually done not only S-wave 
mesons but also mesons with an internal P-wave are taken into account a considerable 
additional amount of annihilation is obtained [54]. Here a sum of separable 
potentials results. 
A somewhat different approach to quark-pair annihilation has been taken in [55] 
and [56]. They consider annihilation of a quark-antiquark pair into a (plane wave) 
gluon (qq •* gluon). This annihilation takes place, however, only when the nucleón 
and antinucleon, pictures as bags, have any overlap. The imaginary part of the 
optical NÑ potential at a radius г is equated to half the width that corresponds to 
the decay of the NN bags being at a radius r, via this mechanism. Now this is, for 
once, not a separable potential and it contains central, spin-spin, and tensor 
parts. The resulting qq-qq-gluon state acts as a "doorway" to the many reaction 
channels that lead to NÑ annihilation. However, here too, the imaginary potential 
resulting from this approach (supplemented with a meson-exchange potential) does 
not yield a satisfactory fit to the data. 
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Our conclusion is that the quark physics approach to NÑ is in fact only just 
beginning to evolve, with several alternative models still being "in the running". 
From the quark physics point of view one observes NÑ scattering as a very 
complicated problem and until now there is no reason to exclude any specific model 
for the description of the overall properties of the annihilation. What the quark 
physics approach does give, is a good context to reason about some selected 
reactions. For example for a channel like Ρ" π there are good arguments to prefer 
quark rearrangement [49, 57]. Also, in the hunt for bound states and resonances, 
guidance can be found in quark models, which give detailed predictions for baryonlum 
states [9] and their appearance in the experiments [58]. 
5. Conclusion 
From the preceding it will be clear that a lot of research is in progress in 
the field of the NÑ interaction. The two approaches sketched above, the nuclear 
physics approach and the quark physics approach both have their virtues. The most 
important result freso the nuclear physics models is that they yield a good 
representation of cross sections and other "overall" features of NN scattering. 
The general trend is that the annihilation is at least a medium range phenomenon 
(in the order of 1 fm) . No new insight is gained in the meson-exchange potential 
at short distances, but a number of new topics have been raised by the nuclear 
physics methods, like the low-energy behavior of cross sections and the presence 
of resonances when the data are compared to the good background description that 
these models give. For the interaction below threshold very different results are 
obtained. The most important result from the quark physics approach probably is that 
one has developed over the last years a set of tools that allow us to try out the 
views that exist for describing annihilation within the quark physics context. 
The integration of the nuclear and quark physics approaches remains a major 
problem, for nucleón-nucleón physics as well as nucleon-antinucleon physics. 
In Chapter 2 an outline is given of the scattering formalism, as well as a 
presentation of a new parametrization for resonances in the presence of a multi-
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Channel background. In Chapter 3 the coupled channels model is described in detail 
and applied to HÑ scattering. Its results are compared with an extensive set of 
data. In Chapter 4 we examine the results of a specific experiment, with the help 
of the resonance parametrization, in order to determine whether or not a signal for 
the S(1934) is present in these data. Finally in Chapter 5 we extend the coupled 
channels model by including hyperon-antihyperon (YY) channels. The meson-exchange 
potentials for BB and BB scattering are related to each other and results are given 
for the process pp •* ΛΛ. 
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CHAPTER 2: SCATTERING FORMALISM AND RESONANCE PARAMETRIZATION 
2.1 Introduction 
In this chapter the scattering formalism, as it is applied in the next 
chapters, is presented. The presentation is rather compact, since all we want to 
do is to introduce some notation and conventions. 
We need this scattering formalism as the framework for the second part of this 
chapter, where a parametnzation for a single or for multiple resonances in the 
presence of a multichannel background is given. This parametnzation is an 
alternative for commonly used parametrizations, especially for the "inelastic 
Breit-Wigner" parametrization. An application of our resonance parametrization 
can be found in chapter 4. 
2.2 Bases 
In scattering theory often several sets of basis vectors are used. Appropriate 
bases are the coordinate basis {|r>}, the momentum basis {|p>}, and the partial 
wave coordinate basis {|r 1 m >}, where I is the orbital angular momentum of the 
system and m the z-component of the orbital angular momentum. Furthermore, when 
the state describes a system with spin s and z-component m , the basis states 
|s m > m spin space, are combined in a direct product with the already mentioned 
basis states to give basis vectors like Ir I m„ s m > = Ir Í. m„> β Ism >. When in 
4
 ' l s ' Í. ' s 
this case spin s and orbital angular momentum Í, are combined to the total angular 
momentum j, with z-component m we obtain again another set of basis vectors: 
{|r j m H s>}. Still another important set of basis vectors are the energy eigen-
s ta tes in the partial wave |Ejm£s>. The energy E is the center-of-mass energy for 
a two particle system. Often the basis vectors have to be labeled by more quantum 
numbers like isospin, or particle contents. These additional quantum numbers are 
lumped together in a label α which can be attached to any of the already mentioned 
states. In general we have the situation that states with different α are orthogonal, 
e.g. 
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·* ι* (3) •• -·· 
«¡r'a· ro> = δ ν ' (r-r') S , . (1) 
Often one refers to the space of states that can be formed by taking linear 
combinations of basis vectors with different α as "channel space". 
In Table I a summary of all these bases is given, with their normalization 
and completeness relation. The latter has to be read as e.g.: 
I ƒ dr ->• I ƒ dr | r j m t s x r j m l s l = 1 . (2) 
j £ s m j i s m 
He also give some useful formulas which express one set of states into another. 
Some remarks about this Table I. The function J.(pr) = pr jMpr) with 
j (pr) the spherical Bessel function [1]. Likewise we will encounter functions 
Ν , H , and H . Their definitions are given in Table II. In the definition 
of [гЯш > you find a factor i . This factor is useful to obtain states with uniform 
transformation properties under time-reversal Τ [2]. Applying this operator to 
|г l m > gives 
Τ |г1т
г
> = (-)£'"mi |ri, -т£> (3) 
and to 1 s m > 
1
 s 
Τ Is m > = (-) ^ Is, -m > , (4) 
< s ' s 
then also 
Τ |г]тІ5> = ί-)3' |г], -m, ls> . (5) 
The quantity ν in Table I is always the velocity 
ν = p (6) 
dp 
For two-particle states the energy E and momentum ρ are either relativistic 
or non-relativistic connected: 
/2 2 /2 2 
relativistic: E = /m + ρ + /m + ρ = E, + E (7) 
ν = pE/tEj + E 2) 
2 
non-relativistic: E = m. + m. + ζ— (8) 
ν = p/m 
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b a s i · normal izat ion 
[rem > < r , e , m , | r a m > • 6 ,6 ,& (г-гМ 
• м ш вв m m 
| r t n y m
e
> ктЧЧп^т^тЫ^т^ - 6^6^ „ . « „ . « „ ^ (r-r' ï 
|rjmle> < r , j , m l i , e , | r j ö i l B > - δ 1 : 4 · 0 π β . 6 1 1 . 5 β β · δ ί Γ " Γ , ϊ 
loan > <p*a ,m , |psm > - 5 , ί , 12ν) 6 (p-p' ) 
' в в β вв m m 
• α 
[pim.em > «р 'Ё'т^в 'т · Ір іт .вт > - &
ЙІ
.,6 ,δ ,β _ , 2irfl(p-p*1 
i*"»™tB в r I в'*^ t в fcJt' ш-т! вв' И-10' 
|EjmlB> < E , j , n * Ì * e , | E j m l e > - в 4 4 і в
и
. *
и
і
в
в в
і *№-*'> 
Table I . Saaea 
N3 
co4>lataneBB r e l a t i o n e 
ВШ 
У ƒ dr < г , * , п , 1 г 1 т . в ш > - 6 ,6 , a ( r " r . ' J . i * γ 1 ( î · ) 
. *• ' s 1 £ в вв' m m' г т . im, em в в 1 
i в г - ч 
I I dr < г Ч ' ю
е
в
,
т
ш
| г і ш 1 в > - « U I « , δ(Γ-ΓΜ С в " ¿ 
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У / - ^ <ÎB'm'[peœ > - δ ,β , e i p * r 
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1
* ^ в в в
1
 m m ' 
вт (2ττ) в в 
' "Σ ƒ * A'^lpta^.» - . «„
 Β
. f t '
 j£(pr. Y' (i) 
im.sm ш m ζ 
t · /Τ' 
J ƒ dE < r j , » 4 , » , | E j « l « > - ί ί Í « , / — J (pr) 
j m l . : 3 ^1" l l " · V l 
<ί·β·. |Ejml
e
> - « , β'Ρ'-Ρ' IgL, I Cl ' J ϊ 1 (p·) r
 «'
 J
 « 8 ' ρ /2iiv ' m • ш π r 
where the reduced mass m Is 
m 1 + m 2 
(9) 
function properties 
J^tz) = ζ ^ (z) 
N£(z) - ζ nl(z) 
Hj*' (z) = 1 J^tz) - N^tz) 
H^"' (z) = -1 J^tz) - N^lz) 
J£(-z) 
N,(-z) 
(-)1+1 .> 
(-)£ ^(z) 
„ , ч х ^ j iz il π/2 H
.(ζ) l'P-' e e 1 ζ •+» 
H'->U) 
и'"' С) 
H ' + ) * ( Z . ) 
(-)lH«+)(») 
Table II: Spherical Bessel, Netmann and Hankel functions. For j and n. see [J]. 
2.3 S-matrix and T-matrix 
Given states |i) and |f), then the scattering matrix 5 with matrix elements 
S. = (f|S|i) gives the relativistic W-matrix: 
(f|s|i) = (f|i) - ι (2ir)4 ä ( 4 >(P f-P i) (f|M|i) (10) 
P. and P, are the total initial and final four-momentum. When |i) and |f) are 
(11) 
two particle states, they have the relativistic normalization: 
•*•*•·-*••* 6 (3) •* •• (3) •* -*• 
(Р{.Р^|Р1.Р2) = (2π) 0 2E12E2 Ò ^ ^ P j - p J ) «lJ'(p2-p¿) 
On the other hand, we use states ΙΡ.,Ρ-,* with non-relativistic normalization: 
(12) 
Т'г'*!'^' •'-»'^-^«"'ía-ÍJ) 
So 
a T-matrix i! 
<f|Tli> - /- 1 
Jl""2 
Then s defined [3]: 
(f Mil) / 4m, E i ι 
(13) 
(14) 
where m and m. are the initial and final state reduced mass. 
ι f 
It is this T-matrix that can be shown to satisfy the Lippmann-Schwinger equation 
for the (relativistic) Schrödinger equation [4-6]. 
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T h i s g i v e s : 
.4 ,(41 _ . , / V f 
< f l S | i > = < f | i > - i (2») í l ' ( P . - P J / - = - = • < f | T | i > / - ^ - = - (15) 
f i P f pl 
with the relativistic definition of the energy. 
A two-particle wave function |φ> is written as: 
<ΐ1?2|φ> = * R(R) фг(?) , (16) 
where R = (m.r +m,r )/(m +m 2) is the center-of-mass coordinate and r = r. - r 
is the relative coordinate. Since the interaction depends only upon this relative 
coordinate, overall three-momentum conservation is guaranteed. The factor 
(2π) 6 (P f~Pj) then drops out, when we take three-momentum eigenstates for the 
cm-coordinate wave function. Taking as a basis for the relative coordinate wave 
.-• 
function the states ρ s m α> we find: 1
 α s 
< p , 1 s
,
m ' o ' | s l p s m a > = < p , , s , m ' a ' | p s m a > - 2 π i ¿ ( E ' - E) ra s ' ' s α s s 
/
m ν . / m ν 
- 2 2 - < p \ s ' m ' a ' | т | р в т α> / - 2 — ί (17) 
ρ » .
 α s s
 p . 
(18) 
' α ' 
The partial wave S-matrix is defined from the matrix elements of S on the partial 
wave energy basis: 
«•1-»Ч'.-а-|5|Е
Э
шг8в> - 6 i y « „ , δ(Ε·-Ε) S l , s , a . i l s 
which defines a matrix S . 
Define Τ as the matrix with elements: 
< E j , m 4 ' s , a , l T | E j m t s a > = δ . . , δ , Т^, , , „ . (19) 
1 1
 j j ' mm* i ' s ' o ,isa 
Then we obtain: 
s
j . ! .
 2жі /т. т з /т. . ( 2 0 ) 
Ρ Ρ 
A t y p i c a l o b s e r v a b l e l i k e t h e d i f f e r e n t i a l c r o s s - s e c t i o n i s : 
Щг (ρ . s ' m ' a ' *• psm а) = — а - а ] < p ' s ' m ' a ' І Т І р з т o > | . (21) 
d l î a ' s s ρ . 2 ' s ' ^ s ' 
Or in terms of the often used M-matrix 
M = — > ^ Τ /шр . (22) 
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The differential cross-section is simply: 
^ - (^.s'm^a' ι- ^ s m ^ ) = |<l
a ls'm^a'|M|p asm sa>| 2 . (23) 
When we use Tcible I to express <p ,s'm'a'|M|p sm a> in terms of the partial wave 
S-matrix we find: 
M,, - <P .s'm'a'lHlpsm o> = 4π l У c l s j cl', s', j f i r a s ' ' s ί-.. '• . m„ m m m! m' m ill' шт„т' i s i s J
 i i 
x » » : ^ , ,
 γ
^ φ ,
 Ρ
 " " » ' • • • Μ -
 ( 2 4 , 
•¿ β ш і а 2 І р а 
where ( l )
r s
.
a
. / i s a = ä u . « „ . « а а . · 
-»· *і / 2і + 1 Often one chooses ρ » ρ ί. With the help of Y (2) = / —τ ί 
*£» r o r m 4π m ,0 
equations (24) simplifies to the well-known formula: 
M.. = M i s ' m ' o ' •<- sm a ; p , ) = Ι / 4 π ( 2 1 + 1 ) C * ^ I C*'
 m l ^ І f i s s a . . . . От m m - ' m' m j i i ' s s s s s s 
9 , fl,«:,fl, i«5iT 
x Y£ ,(? ,) , (25) 
m -m' or 2i ρ 
s s a 
In general the calculation of observables proceeds as follows. The density matrix 
of the in i t ia l state i s ρ (this i s a matrix in spin space). The final state 
density matrix i s : 
"f = "fi pi "fi* · ( 2 б ) 
The expectation value of an observable θ in the final state i s : 
<§> = Tr ρ θ /Tr ρ . (27) 
Typical observables to be calculated are differential and integrated cross-section 
for unpolarized beam and target, i.e. when 
p. = ì 1 . (2Θ) 
α σ
ίΐ 1 t 
T T = Ϊ T r Mfi Mfi ^ 9» 
da 
0fi " / ^  -ΈΓ ( 3 0 ) 
and furthermore the polarization of particle |i>: 
> ? ( І ) — f i M f i ^ ' 
and also spin correlations (see chapter 5). 
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2.4 SchrOdlnger equation 
The free (relativistic [4-6], or nonrelativistic) SchrOdlnger equation is 
<H0 - I J ) |φ> = 0 (32) 
with eq. (7) or (8) for the relation between ρ and E » /s. The Greens functions 
GQ*' for (32) are: 
G ¿ ± ) ( E ) • ih-Bo± ^1"1 • w 
On the coordinate basis {|r>} its matrix elements are: 
ip|r-r'| 
<?• ^ (E) |?> = - f ^ !- (34a) 
Ir-r' I 
= - f I ¿ T Jt(P r<> "Γ' (P r>) Ym 'i'5 ^ ' (34Ь) r
 im. 1 I I 
where г , r is the largest resp. the smallest of r and r'. 
With an interaction V, the Schrödinger equation is 
2 
(H0 + V " 2m ' Ι ψ > * 0 (35) 
and it has scattering solutions |ψ±>, which contain resp. outgoing (+) and 
incoming (-) spherical waves, which satisfy the Lippmann-Schwinger (LS) equation 
|ψ±> = |φ> + G¿ V |ψ±> . (36) 
Here is |φ> a solution of the free Schrödinger equation (32). Let us take this 
I I " * · "*" 
to be |φ> = [ρ sm α>, i.e. a plane wave in channel α with impuls ρ and 
splnstate (s,m ). The corresponding scattering solutions |ψ±> are then denoted by 
U±> = |p sm a±> (37) 
Since the Schrödinger equation is easiest solved on a partial wave basis we expand 
|p sm a±> on the basis {|rjm)lsa>}: 
<rjmîs,a,l? sm o±> - — У С 4 S j ψ^'1', , „ (r) Y t{p ) (38) J |Γ
ο s ρ .'· m. m m
 ri,s'a' ,lsa т. о 
*α im I s l 
j (±) 
which defines a radial wave function matrix ψ (r). 
The matrix elements of the potential V, which conserves total angular momentum, 
on this basis define a matrix V (Γ',Γ) by 
<«·3·»·1'
β
·α·|ν|η»*«».ν 3 1 1 ι 1 β 1 # 4 β β(Γ·,Γ) β^,β^, . (39) 
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The radial wave function matrix ψ satisfies the radial Schrödinger equation 
with potential V"': 
[¿•a-?-2·-'5]·1' Л .2 "'(г) = 0 (40) dr' 
2 j 
It is important to realize that m, ρ , V are all matrices, operating in the space 
build up by the basis vectors | r]mi,so> for fixed j. The operator L , applied to 
Ψ»ι ι ι . (r) gives: 
'i's'a'jJlsa 
L 2 Ψ?. • . „ <r> = t'.U'. + l) Ψ^, , , „ (г) (41) 
t's'a'.llsa a' a' i's'oi',i.so 
(The label α should be attached also to i and s, but for simplicity we leave it 
1 ( + ) 
o u t . ) The LS-equation (36) for i|iJ (r) then i s : 
*
j < ± )
 (r) = J ( p r ) - — ƒ d r · J ( p r ) H ( + ) (p г ) ƒ dr " 
P
 0 
x V ^ t r ' . r " ) Ψ ^ ^ Ν Γ " ) . (42) 
Again, this is a matrix equation. 
In this study we only use local potentials 
V^r.r') = «(r-r') -Чг) . (43) 
With (42) we find t h a t t h e asymptotic form of ψ (r) i s 
J™ (r) 5 ^ | / | [ и ' " ' (pr) -
 H
( + )
 (pr) S^ / | (44) 
This defines the same partial wave S-matnx S as defined earlier in eq. (18). 
The connection between the two is laid by the T-matnx which follows for the 
Schrôdinger equation from the LS equation 
Τ = V + V GÌ Τ , (45) 
and has the property 
Τ |psm a> = V |psm o+> (45) 
This is the same T-matrix as defined in (14) . Its matrix elements give the 
asymptotic behavior of the (+) scattering solution: 
-> -• 
•¡rs'm'ci'lJsm a+> ^ J 6 , ί ,ό , e l P a ' r 
s ' s s s ' m m' oa ' 
s s 
m
0 . e 4 > o '
r 
< p ' s ' m ' a , |T|psm QI> (47) 
34 
I * ( + ) 
which is easily found from the LS-equation (36) for |psm a+> and (34a) for G 
When one now uses again the LS-equation (36) for |psm a+> but expands it on the 
basis vectors |rjm<lsa> and determines the asymptotic behavior, then with the 
definition (19) of Τ and the relation (20) between Τ and S , equation (44) is 
found. Equation (44) is used in the actual calculations, together with the radial 
Schrödinger equation (40). The M-matrix is then build up using its expansion (25). 
2.5 Resonance parametrization-introduction 
A major topic in the analysis of partial wave scattering amplitudes is the 
separation of resonant scattering from background scattering. Very roughly, the 
separation in background and resonant part can be said to correspond to a separa .on 
in smoothly respectively rapidly changing contributions to the partial wave 
scattering matrix S (we suppress in the following the label ], since always partial 
wave amplitudes are used). These contributions have their own set of parameters. 
The hope is that the thus parametrized S-matnx gives the proper continuation into 
the complex energy-plane. The rapidly varying part generates poles in the complex 
energy-plane, which one tries to identify with the eigen states of some specific 
interaction model. Also residues of the poles are compared with model calculations. 
Sometimes already a certain amount of information is available on how the 
S-matnx should behave. For example some pole positions, or part of the background 
scattering is explicitly known, and need not be parametrized. One then needs a 
prescription for merging these known parts with a parametrization of the unknown 
part of S. 
Ideally, pole positions and residues obtained from the extrapolation off the 
real axis (where the scattering domain is) into the complex energy-plane, should be 
independent of the way the S-matnx is parametrized (provided of course that a 
"good" fit to the data has been made). In practice, however, the continuation into 
the complex energy-plane is quite sensitive to the way S is parametrized, especially 
in case of resonances with a large width. Besides, also the quality of the fit to 
the data can differ much among various parametrizations. 
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The best one can try to do Is to parametrize S In such a way that S: 
(1) is a unitary matrix 
(ii) is a symmetric matrix (we assume the time-reversal invariance) 
(in) has the proper threshold behavior 
(iv) has parameters with a clear physical meaning 
(v) is flexible enough to allow a good fit to the data. 
We will now briefly review some of the resonance parametrizations that are 
found in the literature: 
S • S
w
 -S,, (multiplicative) (48) 
bg R 
S « В + R (additive) (49) 
« b g ^ (K-matnx) (50a) 
S = (1 + ІК)(1 - ІК)" 1 (50b) 
The n-channel multiplicative form 5 = 5 . 'S (4Θ) writes S as the product of a 
unitary background scattering matrix S. and a unitary resonance scattering matrix 
5 [2]. For a single, nondegenerate resonance, assuming a single pole term as is 
usually done (but see [7] for exceptions) S is 
S R = 1 -
 Ε
- Ε 4 Υ Ι Γ / 2 (51> 
η 
/ Y = Σ k l = Γ (52) 
1 = 1 
We use here in the denominator of (4) a non-relativistic expression, as is done 
also in the other examples we give. A relativistic analogon of (51) and (52) is: 
gR-^s-s^mr ' SR = M 2 - ( I ) 2 (53> 
γ
+
γ - 2ΜΓ (54) 
The drawback of (46) is that time-reversal invariance, which allows us to make 
S symmetric, is not in general implemented. Of course, symmetry of Ξ can be imposed 
as a separate condition, but this will affect all parameters in a rather complicated 
way. Furthermore, the parametnzation of η background and η resonance matrix 
elements is needed in order to find the elastic S-matnx element, which we take 
here to be the (11)-element: 
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S
el- Sll = Σ (Vli'Vil · (55» 
1=1 
Despite its drawbacks this parametrization is often used in the approximation 
Sll* ( 11 ( 11 = ne215 ( ' - I (E - EJMV/2) и- i » <56> 
9i fi 2 
where (S. ),, = ηβ and χ , = Ιγ,Ι - Γ ,/Γ is the elasticity. The elastic bg 11 el l' el 
amplitude Τ , = Τ,. is 
el 11 
, S-l . ne 2 1 5 - 1 , 216 , SR " 1 , 
T
el = Tll • (-2Г hl й—+"е «.ΐ'-Π-» ^7' 
E-E R- ι Г/2 2 i 5 
W h e r e SR * E - E R + i T/2
 = e R ( 5 8) 
In (57) the background is possibly parametrized (η and δ) and furthermore are Ε , 
Γ and Γ , parameters. The second term in (57) is the resonance-circle in the 
el 
Argand plot. Its radius is (η χ jJ/Z. For a background that does not vary as a 
function of energy. Figure 1 shows some situations generated by (57). One observes 
that the unitarity circle is only reached for χ = 1 and n « 1, i.e. purely 
elastic scattering (in fact, resonance circle and unitarity circle then fall 
together). The resonant energy E is on the resonance circle "right across" the 
point (T JJJ = (ne 2 1 6- l)/2i. 
The centre of the resonance circle always lies on the line between (T. )., and 
bg 11 
— , the centre of the unitarity circle. However, there is no reason why amplitudes 
should be so limited that they only allow resonance circles with such an orientation. 
Indeed, one often extends (57) to what we call the "inelastic Breit-Wigner" 
parametrization, with the help of a phase φ: 
ηβ - 1 . 2iä іф , R 
Τ . =
 J
— + e e
 τ
 η χ ( — — — ) . (59) 
el 2ι el 21 
The factor e rotates the resonance circle, around the point (T. ),., over an 
bg 11 
angle φ (the dashed circle in Fig. 1). But then one sees, that the resonance circle 
should not be rotated too much, for it would otherwise lie partly outside the 
unitarity circle. So φ should be restricted. Such restrictions can be a serious 
problem in fitting the data by adjusting φ in a computer program. Nevertheless, 
(59) is often used, see e.g. [8]. 
37 
Fig. 1: Argand plot with some resonance airóles, ц - 3/4, 6 = -τ- . 
The additive form 5 = В + R (49) writes S as the sum of a symmetric background 
matrix В and a symmetric resonant matrix R. But, although symnetry is now apparent, 
unitanty should be imposed as a separate constraint. In case R = S „ a s in (51) 
this is the Davies-Baranger constraint [9]: 
γ = Β γ . (60) 
Such a constraint not only restricts all forms of (49) to the unitary ones, but 
also excludes some forms of the S-matnx [10]. 
The K-matnx parametnzation К = К + К , S = (1 + ιΚ) (1 - ιΚ)~ (50) is the 
nicest of the three parametrizations. It causes no problems with symmetry or 
unitanty, as long as К is a symmetric and real matrix. However, in practice, it 
turns out that sometimes a refit of the T-matrix to K-matrix results must be made, 
3Θ 
in order to obtain sensible values for pole positions [11]. For example in [ll], 
as a check on the K-matrix results, the parametrization (49) with unitanty 
constraint was used. For resonances with a large width, the pole positions and 
residues found from the K-matrix parametrization were found to be quite different 
from those obtained from the T-matrix refit. Also the Breit-Wigner parameters E 
and Γ were different. 
It seems that the K-matrix is adequate for parametrizing the S-matrix in terms 
of real numbers, but the poles obtained directly from the K-matrix are not reliable 
[12]. As an intermediate step in locating poles one then has to do a refit of the 
S-matrix results given by the K-matrix. 
The conclusion from the above is that it would be nice to have a direct 
parametrization of the S-matrix, which incorporates in a simple way unitarity and 
symmetry and allows a direct, straightforward determination of poles from the 
parametrization. 
2.6 Alternative resonance parametrization 
In this section an alternative for the above shown parametrizations (48), 
(49) and (50) is given. First we write the background scattering matrix S as [13] 
S. = U ÏÏ , U+ = и"1 (61) 
bg 
with U the transposed of the unitary matrix U. Such a U can always be found, since 
S. , being a unitary, symmetric matrix can be diagonalized by a real orthogonal bg 
transformation 0 
O'1 S. 0 - s f i a g (62) 
bg bg 
and a choice for U could be 
и = 0 ( і £ а / 2 . (63) 
bg 
U is unique up to an orthogonal transformation 0', since 
U' = U 0' (64) 
also does the job. Likewise one can always find a unitary and synmetric matrix 
V, e.g. V = 0 (S,.139) 0 , such that S^ = V-V. This is done for example m [14], 
eg bg 
3^  
The full S-matrix, with resonance scattering included is written as 
S = U S R U (65) 
where for a single resonance 
5
R =
 1
 - Е-Е^ІТ/2 ( 6 6 ) 
~
 n
 7 
γ γ = Ι γ; = Γ (67) 
1=1 
γ* = γ (68) 
For multiple resonances 5 will be given later. 
Equation (65) guarantees symmetry and unitarity of S, once S is chosen to be 
unitary and symmetric as in (66). Important is, that in contrast to (51) the partial 
fractions γ. are real numbers. That S and 5 R can indeed be written in this way is 
the result of a formal derivation that is given later. 
Now, first the elastic T-matnx element Τ , is determined. It is 
el 
2ιδ , π χ S - 1 
m m ne - 1 . 2ιδ , R . ,,„. 
Τ = Τ . = - — + e ζ ( —г ) (69) 
el 11 2i 2i 
with S as in (58) and 
ζ = (cos с cos α + ι sin ε sin α cos β) (70) 
where 
η = cos 2ε (71) 
and 
Γ , = Г cos
2
 α (72) 
el 
is the width of the resonance in the elastic channel and 
2 2 
Γ! = Γ sin α cos 3 (73) 
In 
is the width of the resonance in the channels to which also the elastic channel 
is coupled. Since the resonance can also decay into channels to which the elastic 
channel is not coupled directly (via the background), but only with the resonance 
as an intermediate state there is still a third width Γ" such that 
in 
Γ = Γ , + Γ' + Γ" . (74) 
el in in 
The single formula (69) allows all resonance circles that can also be made with 
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Fig. 2: Geometries of resonanoe airóles as generated by (69), η •= 3/4, S = -¡г . 
the inelastic Breit-Wigner parametnzation (59) plus unitarity constraint. In this 
way it is easier to apply than (59) , without the need to introduce more parameters! 
By construction (69) guarantees unitarity, and it is also derived from an explicitly 
Symmetrie S-matrix (65). 
We see that the characterization of a resonance in the presence of an inelastic, 
multichannel, background needs a minimum of four resonance parameters: Ε , Г, Г ., 
and Γ' .Of course these parameters can still be momentum dependent. That four 
in 
parameters is indeed a minimum can be seen in the Argand plot of the elastic 
amplitude. The resonance circle, attached to the point C 1^-)., has four characteris­
tics. Firstly, there is the value of the energy Ε = Ε , corresponding to the point 
"right across" the point Τ . (In a sense this sets a reference point on the energy 
scale.) Secondly, the speed at which the circle is traversed at E is related to Γ. 
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(In a sense this sets the unit on the energy scale.) Thirdly, the resonance circle 
has a certain radius, given by |z|. And in the fourth place, the resonance circle 
has an orientation, given by the phase of z. Radius and orientation are constrained 
by built-in unitarity. 
We give a short proof that indeed all allowed resonance circles can be 
2iiS generated with (69). The phase factor e in (69) is of no importance, since it 
only causes the resonance circle to be rotated as a whole around the centre of the 
unitarity circle — . So we put 6 = 0 . The centres of the resonance circles 
с = "—— (see Figure 2) satisfy 
I ^ -o I+1 Чгsin2 ß + f -c |= i(i - ^sin2 в) (75) 
This can be checked by explicit calculation. It is the equation for an ellipse, 
with focal points ^ ¡ — and -4-— sin 0 - — , and the ellipse is traversed when 2І 4i 2i 
1
 Л
 2 
•r /1 - η α varies. The short axis is 2b = —  cos β and the long axis is 
2a = -τ (1 r— sin g). On the other hand Figure 2 shows that the limiting values 
for the centres c, , which are reached when the resonance circle Tust touches the lim 
unitarity circle satisfy 
| 2Г - Clim | + | 2 - Clim | = 2 ( 7 6 ) 
One sees that the c, form an ellipse which is also found from (75) for 0 = 0 . lim 
By continuity, all points within this ellipse of с values, can be reached by 
adjusting α and в- This completes the proof. Finally we note that α and $ can be 
chosen to lie between the boundaries 
0 <_ a < π and 0 <_ S < j • (77) 
Let us now give a simple derivation of (69). First S. is written as 
bg 
216, 
' 2ιδ2 
5bg ті2е " * \ (7Θ) 
•ч_
е 
2ιδ 
η 
η 
The (η- l)x(n- 1) submatriK, indicated, can be diagonalized by a real orthogonal 
transformation 0 that leaves (S,_ ) ., invariant and thus has the form 
bg 11 
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1 о 
О =| · | . (79) 
After applying О we find 
cos 2e e * i sin 2e e 1 ¿ 
i sin 2ε ."«l + W c o S 2 E e 2 Í 6 ¿ 
5¿g = 0 % 0 - 1 2І6І 
(80) 
where η. = cos 2ε and 6!. 5' are eigen phase shifts. The 2 x 2 upperleft part is 
written in the SYM convention [15]. In fact (at a certain energy e.g. E = E ) the 
elastic channel is decoupled from all but one channel by this transformation. 
Defining 
'-^ 
е
І Л
= ( ei6¿ I (81) 
and 
0 
Sbg - 0 г " "SYM «S«, * 1 Δ » <«> 
In order to get (61) one may choose 
ϋ
 "
 0 β 1 Δ
 ÜSYM (84) 
Including now S we find 
U SR и - UU - i О е І Д USYM E . E R 7 l r / 2 g S Y M e " 5 (85) 
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Using (79) the elastic part of S is found to be 
С
 2 i 4l * 2 i Äl (COS ε Ύ1 + LSÍn E Ύ 2 ) 2 
S
el • Sll - η1 e - i e 1
 E - E R + Í Γ/2 ( β 6 ) 
η
 2 
Since J γ = Γ we can write γ. = Γ cos α, γ, = Γ sin α cos $ and we obtain (69). 
i=l 
2.7 Scattering formalism and the alternative resonance parametrlzation 
In the context of scattering theory we are going to show how equations (65) 
through (68) can be obtained. This also gives more insight in the parameters of 5 . 
In order to do this derivation, some more elements of scattering theory must 
be introduced. As seen in section 2.4 the radial Schrödinger equation has solutions 
ψ
 _
 (r). From (42) one observes that for the free Schrödinger equation 
ψ - (r) = J(pr), and this is up to a factor (2/irv) the wave function 
•irjml's'a'|Ejmisa>. Analogously we then define scattering solutions |Ejmlsa+> 
which are defined by 
"JJ· "nm' ^i's'aMso^' ' πν 
In fact, |E]m£sa±> can be seen as a column vector for fixed ц and m: 
(87) 
lEjmljSjd^ 
|Ejm+> = | : | . (89) 
ІЕттг s a ±> 
' η η η 
Suppressing now the labels j and m we write in shorthand 
<r|E±> = ψ ( ± > (r) /-^ . (90) 
TTV 
Another solution of the radial Schrödinger equation we are going to need is the 
regular solution |Ejm£sa;reg> defined to be a solution with the property 
«j'm'l's'a' lE]m)lsa;reg> •V^ 6
 α 16 ,δ,.,ί ,ί , J0 (ρ r) / — (91) 1
 jj' mm' IV ss' aa' J. ο πν 
or in shorthand 
r + 0 /-γ-
<гІЕ reg> r>^r J(pr) / — . (92) 
1
 TIV 
Since |E±> are also solutions which are regular at r = 0, ¡E reg> can be expressed 
in them: 
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JE reg> = |E±> •'V F ( ± ) -fc , (93) 
(±) 
which defines the Jost-matrices F 
The regular solution is real, for a real potential. When determining the asymptotic 
behavior of <Γ|Ε reg> one finds 
s
. /I
 P(-) r^)-1 / i .
 (94) 
m ρ 
The presence of a resonance is going to be viewed as being caused by adding an 
interaction V- to the potential V (the latter generates the background scattering). 
We need an expression for the full S-matrix in terms of the S-matrix S. for the 
problem with potential V. only, and of the wave functions |E±;1> of the problem 
with V. only. 
This expression is the two-potential formula (or Gell-Mann-Goldberger result) 
[2]: S =S, - 2 „ i / 2 i < E - ; l l v j E + > / ^ (95) 
ι ρ • 2 ' ρ 
|E+> = |E+;1> + G | + ) V 2 |E+> (96) 
The Greens function G belongs to the problem with V. only: 
G i + ) • ( li - Hi + le>"1 (97) 
where H, = H + V . (9Θ) 
Now the system we consider as an illustration consist of η open channels and 
one additional channel, closed at the energy E. The potential for the n+ 1 channel 
V. is the n x n potential matrix for the η open channels, V is a η χ 1 annihilation 
matrix and V is the potential in the (n+D-th, closed, channel. Let us denote 
с 
the wave function for the channels 1, . . . , η by |{n}> and the wave function of the 
(n+ l )-th channel by | n+ 1>, then the Schrödinger equation i s 
2 
i f j - V l{ n } > = VA l n + l> (100a) 
2 
Pc , ~ , 
( 2^- - H c) |n+ 1> -
 д
 |{n}> (100b) 
с 
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The only source for |n+1> is V |{n}>, since there are no incoming waves in this 
channel. The solution for (100b) 'then is 
2 
ρ 
i n + ^ = ( 2Í" - v " 1 ^A i{n}> = GC \ i{n}> i i o i ) 
с 
Then (100a) becomes 
2 
(fï-Hl - VAGc V 1{П}> " 0 <102) 
So for the η open channels the potential effectively is: 
V
 *
 Vl + V2 « Vl + VA Gc \ • ( 1 0 3> 
G can be expanded on the eigenstates of В : 
|B> 2m <B| d3p· |p:
+
> 2m <p' + | 
G
c
t E )
 = Σ
 2 %
 +
 / — Τ 2 2 (104> 
В Р
с
-Р
в
 (2.) P
c
-p B 
where |в> is a bound state and |p'+> is a scattering solution (with an incoming plane 
wave of momentum ρ , and outgoing spherical waves). Since the center-of-mass energy 
E is below the threshold of the (n+ l)-th channel, no factor +1ε is needed in (104). 
Now we make the assumption that the energy E is close enough to the energy 
of a specific bound state that we can replace G by a single pole: 
|B> 2m <B| 
G (E) -»• 5—Ξ- (105) 
с 2 2 
P
c-
pB 
When more bound states are taken into account, the multiple resonance formulae of 
the next section are obtained. With (105) the potential V. becomes 
2m 
V2 = VA Gc \ * VA lB> -Ί-Ч <BI \ tl06) 
P
c-
pB 
The LS equation (96) for |E+> can be solved exactly since now V, is a separable 
potential. The result is 
2m 
|E+> « Гі + с | + ) v |в> - J -4; — — <B| v 1 | E + ; 1 > 
L
 P^-p2-2m c<B| V A G { + ' Д |B> AJ 
The full S-matrix is still unitary and symmetric and is: 
/ <E-;l|v. |B> 2m <ВІ |E+;1> / 
5 = 3-2*1 / S ' A l °—±£ /Ё
 (108) 1 P
 p 2-p 2-2m <В|
 Ж
 G + )
 ж
 |B> P r
c В с ' A l A ' 
With the help of the regular solution S can be cast into the form S = U S U. 
(107) 
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Substitution of (93) in (108) gives 
/ ï ( - ) - l t
 Γ
 < E
 r e g ; l | v |B> 2m <B|V | E reg;l> j ^ 
S - 5 , - 2 » ! / ï (F ( ) )+ Λ r 5—= £ г^ Л Р 1 * ' / S 
C B C
 A l »
 ( 1 0 9 ) 
In the previous section we have shown that a unitary U exists with 
S1 = UU (110) 
Then define a R-matrix by 
F ' * ' " 1 - H Ô / É (HI) 
1 m 
For a real V. holds F (ρ) = F (ρ*) and since in this domain of energy p* » ρ 
we find from (111) 
F'"' -/iuR*"1 
1 Ρ 
Substituting this into 
S = / І
 F<-) F ^ "
1
 / І - о R+'1 R ÏÏ = UÙ (112) 
1 m 1 1 ρ 
shows 
R* = R . (113) 
In the one-channel case R is proportional to the inverse of the enhancement factor: 
F ( + ) = |F(+>| e"15 
iF<+>| . i / i - l Ψ ( + ) ( ^ ο ) I C114) 
R p
 I *free(r = 0 ) I 
It is not unusual that the enhancement factor becomes visible due to the presence 
of an additional interaction (as here is the potential V_). For example, well-known 
2 
are the Coulomb enhancement factors С (η). Let us dub R the inverse enhancement 
matrix. S can now be written as: 
r R /v <E reg,-l|v |B> 2m <B|V |E reg> /v R-, 
S = U 1 - i 2π ÏÏ 
L Рс-Рв-^
с
<в|
 д
с { + )
 д
|в> J 
= U S R ÏÏ (115) 
We still have to show that S has the form as in eqs (66) - (6 ). Let us write 
2 2 
-% Re <В\
 Л
 G? ' V ІВ> = (E-E,,) f (E) (116) 
2m ' A I A ' R e 
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where f (E) is either 1 for the nonrelativistic case, or some factor with the 
property that f (E) > 0. One observes that in general E ^ Ε , since the coupling 
of the closed channel to the open channels via V causes both a real and imaginary 
energy shift. 
The total width of the resonance is 
Γ = - -~- im <в|
 д
 G | + )
 Д
| В > . (117) 
с 
Absorbing f in the numerator in (115) gives the definition of γ.: 
η /2πν 
γ
ι
=
 ^ "ij / - Γ 1 <Еі ге9;і|
 д
|в> 
or 
γ = R / -¿jP <E гед;і |
 д
|в> (UB) 
с 
Obviously γ* = γ and with these definitions (66) follows. Unitarity of S implies 
η
 2 
Y * Ύ = ϊ Ύ. - Γ (119) 
i = l 1 
That this does indeed hold i s seen from 
γ · γ = <в| |E reg;l> /-^- R R / - j ^ <E reg;l |v |в> (120) 
с с 
and 
J_
 = 
f 
с 
= 2π <в|
 д
| Е r e g ; l > ^ F ( + r l 4- S* -f
 F '
 +
 ) - 1 + ^ <E reg,.l |v ІВ> -ί- -A' ν ν ρ /ν ' A1 f 
г
 с 
= γ · γ (121) 
with the help of (111) . 
2.В Multiple resonances 
Let us now keep in the Greens function (105), instead of one, К pole terms: 
К | Β > 2m <B | 
G
c
( E )
 - Σ, 2 2 ( 1 2 2 ) 
^
1 P
c -
p B , k 
Then the additional potential i s 
К V. |в, > 2m <B. | V. 
V, = I A k . C . k Л (123) 
fc-1 р с - р в д 
which i s a f inite sum of separable potentials. 
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Again, an exact solut ion of the LS-equation (96) for |E+> can be found. In 
fact, what we need In the two-potential formula (95) for S are the coef f ic ients 
<B. | v |E+> which are e a s i l y found to be 
<B^V E+> К _ 
K
 = I (A ' ) 
(
Р с - Р в Д
) / 2 Ш
с *-» 
<в 1 | д | Е + , і > 
kl ~~2 2 ~ ~ 
^с-
р
ВЛ
)/2Ш
с 
with 
Ν ι -
β
· 
,
2 2
 Ì 
k l 2m 
ι~ (+) ι 
< B kl V A G l АІ 
(124) 
(125) 
•Піе S-matrix i s then 
К 
S - S , - Σ 2.І /^<E-;1 |V. 
ι . . ρ ' k , l = 1 
When we now write 
\ i = / V i y 
A'V ^Xl^V^'f 
,(+) ( E
-v k l 
<в, v, G; V. В > 
к' A 1 A' I 
•fk(E) f^E) 
•VË) 
(126) 
(127) 
and absorb the factors / f (E) in <E r e g ; l | v |в > and <B [v | E reg;1> and define 
К A Jv Jv A 
(k) 
К n-component vectors γ by 
(k) _ / 2 π ν _ . ,„ |
n
 ^ (kl* 
γ • R / -j- <E гед;1 |
 д
| В
к
> = γ 
(128) 
and f inal ly define a matrix A by 
(129) 
we get 
and 
S = U S R U 
^ ' - ^ L i ^ ' fi"1,"7<H (130) 
5 is obviously symmetric, and by construction unitary, which implies here: 
<в |v G ( + ) ν |в > 
-H-H -•· . . .
 2 І ш
 - <
1 3 1 ) SIS,- 1« 7 ( k )-Y U ) - 2 1 - ^
Ώ 
Sometimes, for multiple resonances, one t r i e s to write a resonant part of the 
S-matrix as a sum of Breit-Wigner pole terms. However, how to preserve unltarlty 
i s then once again a problem, which can only be solved through awkward constraints. 
Our multiple resonance formula (130) has unitarity and symmetry incorporated 
in a simple way. And even more, it does consist of a sum of Breit-Wigner terms 
which we show as follows. Ä is a symmetric matrix, since 
< Β
Λ
 G{+) VAIV - < Β Λ Gí+)+ VAIV* • 
< В
Л <' АІ * =
 < В
Л
 Gí+) АІ • (132) 
A being symmetric, implies that an orthogonal transformation 0 can dlagonalize it: 
Е
-
Е 1 + І Г 1 / 2 
Ä d l a g = O Ä 0 = I . " | (133) 
13 Е
-
Е
к
 + 1 Г
к / 2 
New partial fractions γ are defined by 
ϊ
№ )
 - I Y U ) 0tt · (134, 
£=1 * 
-d) -d) -(к) -(k) 
Then 5 - 1-1 J ^ ··· - 1 Ε - Ύ Ε + 1 Γ ( 1 3 5 ) 
R E Ej + i Γ 1 / 2 E E^+i r k / 2 
Now the unitary condition reads 
γ · γ = 2 ? (Im Â) 0 (136) 
which is in general not equal to 2 Im Ä , i.e. for example, in general 
ç(k) _
 γ
( Μ ^  j^ _
 ( 1 3 7 ) 
However, (136) gives an interesting consequence of unitarity: 
Tr γ . γ = \ γ · γ = 2 Tr Im Ä = 2 Im Tr Â = 
k=l 
A K 
= 2 Im Tr Ä d l a g = Σ Г. . (138) 
k=l κ 
On the other hand holds 
Tr γ · γ = Tr γ · γ (139) 
so 
Κ ,, , Κ η ,, , „ Κ (k) (k)
 ν
 г (k),2 
• Ύ = Ι Ι (Υ ) 
k=l k=l ι=1 k=l Σ Г
к
' · Ï W   Σ Ο ' - Σ rk , над 
i.e. the sum of all partial widths is equal to the sum of all total widths. This 
is the so-called "average theorem" [16]. 
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However, (140) seems to be of little use, since In the form (135), the γ have 
to satisfy (136), which Is not easily implemented. On the other hand, (130), 
(M together with the reality of the γ and the unltarlty condition (131), which simply 
(k) 
expresses part of A In the γ , is far easier to use. 
(k) After having determined the γ and A from the data, It is anyway not difficult 
to write S as the sum of Breit-Wigner terms. 
Following for the multiple resonance form of 5 the same procedure as we did 
in section 2.6 for the single resonance case we find for Τ : 
η e
2 1 6
 - 1 , 21« ~ -1 ..... 
Τ , = + e ζ Β ζ (141) 
el 2ι with 
(142) 
. (к) (к) ^  . (к) „(к) ,..,. 
and ζ = cos ε cos α + ι sin ε sin α cos В (143) 
and ( Β - \ - - | | γ № ) | ( Â - 1 ) ^ | Y U ) | (144) 
where 
(к) 12 ? , (к) ,2 I (Y^V . (145) 
1=1 
This shows that our parametrizatlon contains a number of parameters that 
grows quadratlcally in K, since apart from η and 6 there are: 
ík) ík) ík) 
2K parameters, о and 8 for the ζч ; 
2 K(K+ 1) parameters for the symmetric matrix Re A; 
·=• K(K- 1) parameters for the off-diagonal part of the symmetric matrix Im A 
ik) 2 
К parameters for the partial widths |γ | , or the diagonal part of 
Im A; 
which is a total of K(K+3) parameters. Including а К + 1-th resonance thus costs 
2K + 4 new parameters. 
When the Inelastic Breit-Wigner form (59) is used it takes 4 parameters for 
each new resonance. However, then, as said unitarity can be violated easily, and 
obviously, as our parametrizatlon shows, not all possible freedom is taken into 
account. On the other hand it will be clear, that due to the large number of 
parameters, in practice our parametrizatlon can only be used when few resonances 
are taken into account. 
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CHAPTER 3: ANTINUCLEON-NUCLEON POTENTIAL 
3.1 Introduction 
When the low-energy antiproton ring (LEAR) at CERN comes into operation, the 
antinucleon-nucleon (NN) system will be the subject of an extensive experimental 
investigation [l]. Meanwhile, at the end of this "pre-LEAR" era, one concludes that 
our knowledge of the NN system is very incomplete. On the experimental side, a large 
set of data points [2- 16] is available. However, these are often of limited accuracy 
and sometimes not consistent with each other. Measurements of observables such as 
polarizations, spin correlations, etc., are (almost) completely absent. On the 
theoretical side, several rather phenomenological models exist [17-22] which give 
a fair description of the available scattering data. Notably lacking here is г. 
coupled-channels model of ÑN scattering. We will present a phenomenological coupled-
channels model which gives a rather good description of the currently available 
low-energy NN scattering data up to Τ = 4Θ2 MeV. 
In order to get a feeling for the complexity of the ÑN system we compare it 
for a moment with the rather well-known NN system. In a single-energy proton-proton 
phase-shift analysis one needs for each total angular momentum J, on the average, 
2.5 real parameters (phase shifts ό
τ
 and coupling parameters ε
τ
) . In np scattering 
one needs 5 real parameters for each J И 0 and 2 for J = 0. To keep an np phase-
shift analysis feasible, one fixes in practice almost all the isospin I - 1 
parameters from the pp scattering data. However, in NN scattering (experimentally 
mainly pp, i.e. 1 = 0 and 1 = 1 ) there is no generalized Pauli principle which 
excludes in NN for each isospin certain partial waves. Moreover, the phase shifts 
become complex due to the presence of the strong annihilation. These two features 
each double the number of required parameters. In NN scattering, 20 real parameters 
are necessary for each J j 0 and 5 for J = 0. 
Another feature is that the potentials are much stronger in NN than in NN. 
Therefore, more partial waves are contributing significantly to the cross sections 
at low energies. For example, at T 1 . = 50 MeV the percentage of the total cross 
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section due to the s, p, and d waves In np scattering is Θ7, 7 and 6%, respectively, 
while In pp scattering It Is 50, 41, and 9%, respectively. These total cross 
sections are 164 and 235 mb for np and pp scattering, respectively. 
The starting point of most theoretical descriptions of ÑN scattering is a 
certain form of meson-theoretical NN potential, which is G-parlty transformed to an 
ÑN potential. This G-parlty transformation reverses the signs of the potential 
contribution of the odd-G-parity meson exchanges. In the NN potentials large 
cancellations occur between the contributions of different mesons, e.g. between the 
repulsive ω-meson contribution and the attractive ε-meson contribution. In the NN 
potentials these cancellations no longer occur [23] and these potentials are, In 
general, very attractive. This has led to speculations about possible ÑN bound 
states [24- 30] and to experiments designed to look for states below the pp 
threshold [2, 3]. 
The second ingredient in ÑN models is some kind of annihilation mechanism. The 
annihilation cross section is large (σ /α , λ 2). The ÑN channels are coupled to 
an el 
very many different annihilation channels, most of them multlpartlcle. The essential 
characteristic of the ÑN interaction is that it is a many-coupled-channels problem. 
Several different approaches for describing the annihilation exist: one may 
apply a suitable boundary condition [17, 18], use an optical potential [19- 22], or 
do an actual coupled-channel calculation. A fine example of a boundary-condition 
model can be found in Ref. 17. This simple model gives, even without including any 
NN potential, a fair description of the total cross section σ and of the elastic 
angular distribution da j/dfl in the forward hemisphere. 
If the full coupled-channel problem is understood, one can, in principle, 
derive an optical potential [31]. However, due to our limited knowledge large 
simplifications have to be made. In practice, the optical potential is introduced 
purely "ad hoc" or "derived" from some simplified annihilation mechanism like 
nucleon-exchange [19, 22]. A successful optical model was given by Bryan and 
Phillips [19]. They added to the G-panty-transformed Bryan-Scott NN potential [32], 
a very strong imaginary potential. With only two parameters a reasonable description 
of the scattering data was obtained. The range Ft to which their imaginary 
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potential is effective, is of the order of 1 fm. One of the more recent optical 
models is that of Côté et al. [22], who use a G-parity-transfoimed Paris potential, 
modified in the inner region by a real potential and supplemented by a short-range 
imaginary potential (R <; 0.7 fm). In this model about 20 free parameters are used 
2 
and a detailed fit to the low-energy data is obtained (χ /data - 2.80). The third 
way to describe annihilation is to use some kind of coupled-channels model. Because 
multiparticle annihilation channels may, in principle, be replaced by a weighted set 
of two-particle channels, we will couple the ÑN channels only to "effective" two-
particle annihilation channels. Ultimately one would expect a coupled-channels 
description of the NN system to be closest to reality. From the coupled-channels 
equations an optical potential can be derived [31] which describes the NN sector. 
This optical potential is generally nonlocal and, in a very specific way, energy-
and L-dependent. However, the coupled-channels method provides more information 
than the optical potential. For example, one can calculate the annihilation cross 
section for scattering to a specific decay channel. So the inverse process is 
impossible: one cannot uniquely deduce from an optical potential the coupled-channels 
equations. Moreover, the required analytic properties and unitanty of the S matrix 
are automatically guaranteed in a coupled-channels scheme. One has to realize that 
the problem is far too complicated to take rigorously into account all coupled 
channels and it remains uncertain whether or not a "truncated" coupled-channels 
approach is good enough as an approximation. This also applies to the model 
presented here. However, we show that already two effective decay channels can 
give a good description of ÑN scattering. 
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3.2 The Model 
We will use separate pp and nn channels. In this way we can take the Coulomb 
interaction and the np mass difference exactly into account. 
As diagonal potential in these NN channels we use the G-parity-transformed 
Nijmegen-model-D potential [33], to which we added a phencmenological shorter-range 
potential. This Nijmegen-model-D potential is a hard-core baryon-baryon potential, 
which gives a good fit to the nucleon-nucleon as well as the hyperon-nucleon data. 
Because of this hard core we must modify the model-D potential in the inner region. 
We decided to apply a linear cutoff to the model-D NN potential, such that 
V (r) = — V (r ) for 0 < r < r 
nue r D с — — с 
с 
= V (г) for r < r (1) 
D с — 
Here V is the G-parity-transformed Nijmegen-model-D potential and r is a cutoff 
radius of the order of the different hard-core radii used in the BB potentials. Our 
choice was r =0.63 fm. The exchanged mesons with their respective G parity are 
π (-), η (+), η' (+), ρ (+), ω (-) , φ (-), ε (+). 
To the potential V has to be added the nonlocal central potential: 
('4 4-1 
Ρ Ρ 
The vectormesons ρ, ω, and φ each contribute to φ: 
3 Vv' e 
*
V =
 % 1
 + μ
2/2Μ 2 
Ρ 
with V ' the central, pure electric vectormesonpotential of model-D, and μ the 
meson mass. 
The scalanneson ε contributes 
s
 4M , 2.. 2 
ρ 1 - ν /4M 
с 
with V the central potential of the scalanneson in model-D. 
The function φ is cut off linearly in the inner region, as is done with the rest of 
V^. Using the method described in [41] the nonlocal Schrödinger equation is converted 
into a local equation with potential W: 
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/1 + 2Φ /1 + 2Φ 2m \ 1 + 2Φ/ 1 + 2Φ 2ι 
2 
2m 
of the form 
V r ) 
with 
v
w s
( r ) 
-
= 
v
c 
1 + 
+ V 
1 
exp 
SS 
(m, 
- * • 
,r) 
Next to this model-D potential V we introduce a phenomenological potential 
°2 + VT S12 m e r + VS0 ^ 1 4 " | V WS ( r ) (2) m r 
e 
(3) 
As in the case of the linear cutoff applied to V (1), here too the choice for the 
tensor potential was motivated by the requirement that the tensor potential should 
be zero at the origin. 
We have introduced in V for each isospin four parameters V , V , V , and 
V , which are fitted to the data. The Woods-Saxon form V (r) for the phenomenologi­
cal potential turned out to be preferred above rapidly falling potentials. The range 
is determined by the mass m , which we choose the same for isospin 1 = 0 and I » 1. 
The diagonal ÑN potential is thus parametrized by nine real parameters. 
The NN system is coupled to effective two-particle annihilation channels. The 
effective particles in the annihilation channel (i,I) are taken to have equal mass 
M and spin zero. The orbital angular momentum I in these effective two-particle 
channels we take therefore to be SL = J. For reasons of simplicity we do not assume 
any interaction between these effective particles in the annihilation channels. For 
each isospin I only two of these effective annihilation channels are introduced, so 
i = 1 and 2. The threshold values of these two channels are not very critical, as 
long as one is low and the other high, but still below the pp threshold. We have 
chosen these thresholds at El = 2 M, = 1700 MeV and El » 2 M. = 420 MeV (~ 3 m ) . 
T l Τ 2 π 
It would, physically, not be reasonable if only very specific values of E and 
(2) 
E„ would allow a fit to the data, since the two annihilation channels have to 
Τ 
represent in some average way the very many channels that are actually present. 
More channels can be included, but while introducing more free parameters, they give 
no essential improvement of the fit. 
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The spin-singlet and spin-triplet NN channels with L = J are each coupled to 
four annihilation channels (1,1). For these L = J waves this leads to a 6-coupled-
channels problem. These channels are pp, nn, and (1,1) with 1 • 1,2 and I = 0,1. 
The spin-triplet ÑN channels with L = J+ 1 are for each L coupled to four effective 
annihilation channels. This gives then a 12-coupled-chaimels system with the channels 
pp (L = J- 1), pp (L - J+ 1), ñn (L = J- 1), ñn (L = J+ 1) , and (i,I,L) with i = 1,2, 
I - 0,1, and L » J± 1. 
The off-diagonal annihilation potential, which couples the NN channels with the 
effective annihilation channels, is parametrized as 
^ ' " ( r ) -V(1,I) ^ . ¿ ^ · (4) 
In order to minimize the number of parameters we use the same parameters V(i,I) for 
all NN partial waves (L,S,J) and the same range parameter m for all annihilation 
potentials. The total annihilation potential is thus parametrized by only 5 
parameters: m and V(i,I). The total number of parameters used in the fit is thus 14. 
We calculate the scattering parameters by solving the relativistic coupled-
channels Schrôdinger equation [34 - 36] 
(Δ + p 2 - 2т )ф = 0 (5) 
The diagonal matrix ρ represents the center-of-mass relative momentum and has 
matrix elements 
where /s is the total c m . energy. The diagonal reduced mass matrix m has matrix 
elements 
\i = Ί мі 6ІЗ · t7) 
The potential matrix V has the form 
U- vi 
m
 " (8) 
Γ*
 0
 J 
where V-. = V + V . + V„ ,. The Coulomb potential 
NN nuc ph Coul 
V„ , = - 2ргГ/М r Coul Ρ 
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Fig. 1: pp elastic differential cross section at Г . , = 335 MeV. Experimental points 
from Ref. 7 (95 points). Solid curve: model fit (χ /data - 0.95). 
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Fig . 2: pp backuard elastic cross section vs ρ, , . Experimental points from Ref. 9. 
Solid curve: model fit. 
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has η' = α/ν , where ν is the relative velocity in the laboratory system [36, 
37]. This accounts for the main part of the relativlstic correction to the ordinary 
Coulomb potential. 
3.3 Results 
The parameters were adjusted to fit the pp integrated total and charge-exchange 
cross sections to = σ (pp -» any) and ο = σ(ρρ ••• im) ] as well as the pp differential 
elastic and charge-exchange cross sections (do
 1/diî and do /dS2) . The pp integrated 
elastic cross sections ο , were not included in the fit since these are redundant 
el 
when do j/dn is given. The values of the 14 parameters are given in Table I. 
Table I: Potential parametere. The 12 potential strengths are given in MeV and the 
2 (1) 
masses in MeV/c . V(1,I) refers to the channels with threshold £' - 1700 MeV. 
m - 682.S3, m = 425.90. 
e ' a 
»с _
vjs \ !» VALILI-ILIL--
1 = 0 -6799 608.9 -992.2 8824 2021 5294 
I = 1 -468.5 -433.7 131.1 10468 1049 5193 
The bulk of the experimental data included in the fit consist of differential 
elastic cross sections (846 points), covering the energy range 20 < T, . < 426 MeV 
— lab — 
or momentum range 195 < P,^ < 990 MeV/c [4, 5, 7]. This set of data is fitted by 
2 
our model with χ /data = 1.31. An example of the quality of this fit is shown in 
Fig. 1. These measurements of da ./dfl, together with some other groups are discussed 
el 
in more detail in the next section. We would like to mention here explicitly one 
subset of the elastic cross section. This is the backward elastic cross section 
do ./dn measured at cos θ = - 0.994 by Alston-Garnjost et al. [9]. They measured 
at 30 momenta in the range 406 < p. . < 922 MeV/c. This set is fitted with 
2 
χ /data = 0.98. This fit is shown in Fig. 2. 
The total cross sections о were taken from Hamilton et al. [IO]. They covered 
the energy range 65 < Τ < 482 MeV or 355 < ρ < 1066 MeV/c. In our fit we 
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Fig. 3: pp total cross section vs Tj-u· Band: representation of the experimental 
data from Ref. 10 (see text). Solid curve: model fit. 
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Fig . 4: pp charge-exchange cross section vs T~,. Band: representation of the 
experimental data from Ref. 12 (see text). Solid curve: model fit. 
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included only the data up to 426 MeV. These cross sections are corrected for the 
pure Coulomb and the Coulomb-nuclear interference contributions. The whole set 
(including the data with Τ > 426 MeV) has, with respect to our model, 
2 2 
χ /data = 1.21. However, some care should be taken with this χ . We could not take 
the systematic errors (which are larger than the statistical errors) exactly Into 
account, since their origin and momentum dependence were not known. For this reason 
we present in Fig. 3 the experimental data by a band, covering the range of 
systematic errors. The total cross section as calculated by us (solid curve) lies 
almost everywhere inside this band. 
The same way of presenting the data was chosen for the charge-exchange cross 
sections a , shown in Fig. 4 together with our fit. These 52 data points in the 
range 23 < T, . < 467 MeV or 208 < p, . < 1046 MeV/c (Ref. 13) are fitted with a 
— lao — — lab — 
2 
χ /data - 2.85. In general, the shape of our curve is different from what is 
suggested by the experimental data. At low energies the threshold effect is much 
stronger in our model than in the currently available data. 
A few measurements exist of do /dß at 93 and 149 MeV (Ref. 14), and at 230 MeV 
2 
[6]. They are fitted with χ /data = 1.28. An example of this fit is shown in Fig. 5. 
The bump-dip observed here in the forward direction can be stimulated with the 
one-pion-exchange amplitude (in first Born approximation) and a constant background 
amplitude [38, 39]. 
Very little is known about polarizations in pp elastic scattering. The few 
measurements at T, . = 230 MeV (Refs. 15 and 16) were not included in the fit, but lab 
2 
our prediction has χ /data = 0.46. The polarization at this energy is shown in 
Fig. 6, together with the experimental data. 
The total number of data included in the fit is 977. For this whole set of 
2 
data our fit has χ /data = 1.39. Since the differential elastic cross sections 
2 2 
constitute the majority of them, the total χ is mainly determined by the χ for 
these data. 
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Fig . 5: pp charge-exchange differential cross section at Τη , = 230 MeV. Experimental 
points from Ref. 6. Solid сигов: model fit. 
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COS θ да 
-1.0 L 
Fig. 6: pp polarization at T*. = 230 MeV. Triangles: Ohsugi et al. (Ref. IS). 
Circles: Kimura et al. (Ref. 16). Solid curve: prediction of the model. 
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3.4 Experiments 
First we discuss here five groups of measurements of do ,/άίΙ. The characteris-
ei 
tics of these groups are given in Table II. The groups 1, 2, and 4 were included in 
the fitting procedure, the results of which are given in the previous section. 
Table II: Experimente on da ,/ώί. 
2 
Group Ref. Range Τ (MeV) Points χ /data 
1 
2 
3 
4 
5 
4 
5 
6 
7 
8 
20 - 70 
63 - 175 
230 
226 - 426 
369 
118 
329 
21 
374 
19 
2.48 
1.05 
0.89 
1.20 
5.60 
Group 1 is made of 118 data points measured by Spencer and Edwards at six 
energies (20, 30, 40, 50, 60, and 70 HeV). For this group we used a 4% normalization 
2 
error. This set of data was fitted with χ /data = 2.4Θ. In general, our fit to this 
group tends to be somewhat flat compared to experiment. This effect is strongest at 
2 
the lowest energy. The points at 20 MeV have χ /data - 4.93. Inspection of the S-
matrix elements seems to indicate that the waves with L > 0 are too weak at these 
2 2 
energies. Also, at 60 MeV, a canparably high χ is found: χ /data = 2.74. Here the 
backward points contribute most. However, these data are quite far (~ 3σ) off from 
those of the second group. 
Group 2 consists of 329 data points measured by Conforto et al. in the energy 
range 62.7 < T1 . < 175 MeV. A normalization error of 4% was assumed for these data 
too. A problem with these data is that for small values of the cross section the 
authors quote as the error on do /dn the value of this cross section. This even 
leads to the extreme case do ./dil = 0.0 1 0.0. The simplest way to deal with these 
points would be to leave them out altogether. However, we did take them into account 
after replacing the errors of these points by the more reasonable errors quoted for 
neighboring points. In this way 50 out of 329 data points are corrected. Another 
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difficulty, in the cases where only a small number of events is counted, is that 
the use of a Gaussian probability distribution is not quite appropriate. However, for 
2 
the sake of simplicity we stick to it in the determination of χ . We obtain for this 
2 2 
set χ /data = 1.05. In determining this χ , two points at 99.θ MeV were removed (at 
2 
cos θ = - 0.075 and cos θ = 0.175). These two isolated points have a high χ , while 
2 
their surrounding points have typically χ ά 1.0. We only rejected points if the 
2 
total set of points where they stem from is fitted with χ /d ra 1, if the points are 
2 
isolated, and if their individual χ contribution is at least 12. The latter 
criterion is modeled after Chauvenet's criterion, that the total probability of 
occurrence of all deviations equally large or larger does not exceed l/2n, where 
η = 977 is the total number of points included in the fit [40]. 
Group 3 consists of 21 data points measured by Kohno et al. at Τ = 230 MeV. 
2 
This set has χ /data = 0.89. In our fitting procedure we did not include this group, 
because the better quality data from group 4 were available at this energy. 
Group 4 consists of accurate data by Eisenhandler et al. In our fit we included 
the data at T, . = 226, 288, 335, and 426 MeV. In this set, too, a few points are 
lab 
found which were rejected on the criteria stated above (one point at 226 MeV, 
cos θ = 0.37 and two points at 426 MeV with cos θ = - 0.69 and 0.25, respectively). 
2 
Our fit to the remaining 371 data points yields χ /data = 1.20. 
Well within the extremes of energy of group 4 is an older set of do /dSl data 
2 
at Τ = 369 MeV (group 5). This older group gives a high χ /data = 5.60. We 
conclude that this group is in conflict with group 4 and we therefore omitted this 
group from our data set. 
Data on do /d!î are scarce. The experiment by Bizarri et al. [14] at Τ = 93 
2 
and 149 MeV is fitted with χ /data = 1.75. The experiment from Kohno et al. [15] at 
2 
T. =230 MeV has somewhat better statistics. Our fit here has χ /data = 0.70. 
Our model gives on the 43 data points of Hamilton et al. [IO] on σ a 
2 
χ /data = 1.21. A measurement of α was also done by Chaloupka et al. [11]. This 
set of 18 data points with energies between 49 and 150 MeV has, with respect to our 
2 
model, χ /data = 8.23. This group, however, shows a resonant structure around 125 MeV 
which is clearly not present in our model. Besides, at the low-energy side these data 
also deviate about 2a from those of Hamilton et al. 
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3.5 Discussion 
A characteristic of this coupled-channel model for NN scattering is that the 
potentials have a long "range". He determined this range by making the annihilation 
potential V zero outside a certain radius. For example, when we set V (r) = 0 for 
r > 1.0, 1.5, and 2.0 fm we find at p, . = 600 MeV/c a total cross section of 
— laD 
σ = 142.9, 146.3, and 159.3 mb, respectively, whereas the complete potential gives 
σ_ = 152.7 mb. The "effective range" R , i.e. the value of the radius r outside 
which the potential V will change the cross sections by about 5-10%, is in the 
order of 1.5 fm for the annihilation potential. The same range is found for V . 
This potential seems to represent more than only the inner part of the nuclear 
potential V . This long range is contrary to the findings of Ref. 22. He feel that 
the data also indicate a long range of the interaction. This can be seen, e.g. in the 
forward peak of the differential cross sections (which are fitted very well in our 
2 -2 
model). The peak can be parametrized with a one-pole tena: do/dt» (1 + w ) . The 
higher the mass μ, the broader the peak will be. Typically, one estimates 
2 
μ ra 270 MeV/c . From the low-t behavior of the annihilation potential in our model 
one obtains 
μ. » (426//2) MeV/c2 » 301 MeV/c2 
A 
One would then expect that models which have a larger mass determining the annihi­
lation will show a forward differential cross section which is too flat. Accurate 
measurements of these forward cross sections might then give a tool to discriminate 
between various models. 
The contributions of the partial waves to σ„, σ ., and σ at five momenta are 
r
 Τ el CE 
given in Table III. Note the dominant contribution to σ and σ . of the NÑ triplet 
coupled waves. He define here α . as the elastic cross section for pp scattering, 
el 
without the pure Coulomb contribution and with the Coulomb-nuclear interference term 
integrated up to cos θ = 0.975. The total cross section σ is taken to be the 
"nuclear" contribution to σ , i.e. no pure Coulomb-nuclear interference terms are 
included in α . However, the nuclear amplitude is determined by taking the Coulomb 
interaction exactly into account. This means that the (relativistic) Coulomb 
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Table i l l : Partial-wave cross аеоЫопа, a. ie the annihilation cross section to the 
umnele with 
L a b (HeV/c) 
3 s l + з 0 і 
3 p 0 
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3
*3 
3 F 4 + 3 H 4 
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r e s t 
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lol 
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Ззі + 3 D , 
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l D 2 
3 D 2 
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^ з 
3 F 3 
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lG 4 
3G4 
G 5 + 3 l 5 
r e s t 
oT(mb) 
σ »
1
» ) 
threshold F ,^ 
200 
7 . 3 3 
9 1 . 3 1 
0 . 7 9 
0 . 0 9 
1.85 
6 . 4 4 
0 . 0 4 
0 . 1 0 
0 . 0 2 
0 . 0 1 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
1 0 7 . 9 7 
4 . 9 9 
4 . 1 8 
4 . 1 9 
0 . 8 2 
4 . 3 8 
0 . 8 4 
0 . 1 1 
0 . 3 0 
0 . 0 3 
0 . 0 1 
0 . 0 2 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
1 9 . 8 6 
2 3 . 3 1 
146.46 
5 .53 
5 .76 
1 6 . 0 4 
5 9 . 3 8 
1.84 
1.50 
2 .67 
0 . 0 5 
0 . 0 4 
0 . 0 5 
0 . 0 0 
0 . 0 0 
0 . 0 0 
0 . 0 0 
2 6 2 . 6 4 
108.46 
У
 =1700 MeV. 
400 
5 .60 
4 3 . 1 3 
0 . 6 3 
1.65 
4 . 7 6 
1 7 . 8 4 
0 . 3 5 
0 . 4 0 
1.61 
0 . 0 6 
0 . 0 5 
0 . 0 6 
0 . 0 1 
0 . 0 2 
0 .01 
0 . 0 0 
7 6 . 1 8 
1.27 
2 . 8 4 
2 . 5 9 
0 . 1 9 
3 . 5 7 
1.57 
0 . 4 1 
1.60 
0 . 6 9 
0 . 1 3 
0 . 3 6 
0 . 1 2 
0 . 0 3 
0 . 0 8 
0 . 0 2 
0 . 0 4 
15.51 
10.41 
6 3 . 8 7 
3 . 7 6 
6 . 9 8 
1 7 . 1 3 
5 1 . 2 5 
7 . 0 9 
6 . 8 2 
15 .70 
0 . 9 0 
0 . 9 3 
1.16 
0 . 0 8 
0 . 1 3 
0 . 1 1 
0 . 0 4 
1 8 6 . 4 0 
7 3 . 1 0 
600 
3 . 6 0 
1 9 . 7 9 
1.45 
3 . 5 2 
5 . 1 0 
1 6 . 8 1 
1.02 
1.26 
6 . 2 0 
0 . 1 9 
0 . 0 7 
0 . 5 1 
0 . 0 4 
0 . 0 3 
0 . 0 5 
0 . 0 4 
5 9 . 7 0 
0 . 5 9 
1.72 
1.41 
0 . 1 2 
1.58 
0 . 9 9 
0 . 3 7 
1.39 
1.14 
0 . 2 7 
0 . 5 5 
0 . 3 3 
0 . 0 8 
0 . 2 3 
0 . 1 2 
0 . 2 0 
1 1 . 1 0 
6 . 1 3 
3 0 . 9 2 
3 . 4 6 
7 . 9 8 
13.11 
3 5 . 5 3 
8 . 5 7 
9 .47 
2 4 . 8 3 
2 . 9 4 
2 . 5 9 
5 . 2 4 
0 . 4 4 
0 . 5 2 
0 . 5 6 
0 . 3 9 
1 5 2 . 6 8 
6 0 . 7 9 
800 
2 . 2 8 
9 . 7 2 
1.68 
3 . 9 6 
4 . 4 0 
1 2 . 1 5 
1.57 
1.85 
8 . 0 1 
0 . 4 5 
0 . 3 1 
1.65 
0 . 0 9 
0 . 0 2 
0 . 2 0 
0 . 1 0 
4 8 . 4 5 
0 . 4 3 
1.38 
0 . 9 5 
0 . 2 4 
0 . 8 3 
0 . 6 7 
0 . 3 1 
0 . 8 7 
1.21 
0 . 3 7 
0 .41 
0 . 3 4 
0 . 1 3 
0 . 2 6 
0 . 2 1 
0 . 3 9 
9 . 0 0 
3 . 9 4 
16 .86 
3 .27 
7 . 8 2 
1 0 . 0 3 
2 4 . 0 7 
7 . 9 3 
8 . 9 6 
2 2 . 5 5 
4 . 7 6 
4 . 2 9 
9 . 6 5 
1.15 
1.07 
1.87 
1.14 
1 2 9 . 3 4 
5 0 . 7 3 
1000 
1.54 
5 . 7 7 
1.56 
3 . 5 1 
3 . 4 4 
8 . 3 5 
1.72 
1.89 
7 . 2 3 
0 . 7 1 
0 . 6 9 
3 .17 
0 . 1 8 
0 . 0 7 
0 . 8 2 
0 . 2 3 
4 0 . 8 8 
0 . 3 8 
1.31 
0 . 6 8 
0 . 3 3 
0 . 4 9 
0 . 5 8 
0 . 2 3 
0 . 5 0 
1.22 
0 . 3 8 
0 . 3 1 
0 . 1 3 
0 . 1 9 
0 . 1 9 
0 . 3 9 
0 . 5 1 
7 . 8 2 
2 . 7 6 
1 0 . 9 0 
2 . 8 0 
6 . 8 6 
7 . 6 5 
1 6 . 7 7 
6 . 8 4 
7 . 4 8 
1 7 . 9 9 
5 . 3 8 
5 . 2 4 
11 .66 
1.99 
1.73 
5 . 1 3 
2 . 4 4 
1 1 3 . 6 3 
4 3 . 7 8 
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Fig. 7: (da η/du) - (da
c
 -¡/da) at T-, = 62.7 MeV in pp scattering. Experimental 
data from Ref. 5. Solid curve: with Coulomb distortion. Dashed curve: without 
Coulomb distortion. 
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potential was included and that the wave functions were adjusted to Coulomb wave 
functions in the asymptotic region. 
In optical models, sometimes another procedure is followed (see e.g. [19]). One 
then calculates the nuclear asiplitude as if no Coulomb interaction at all was present. 
The total cross section is determined from this amplitude by means of the optical 
theorem. In Table IV we compare at three energies the two methods for determining 
σ . One sees that large differences can occur, increasing when the energy Τ is 
lowered. In those optical models the differential cross sections are determined by 
attaching Coulomb phases to the above mentioned nuclear amplitude and adding the 
Coulomb amplitude to it. A comparison of this method with the exact method, used by 
us, can be seen in Fig. 7 for ^ = 62.7 MeV. Displayed here is the differential 
elastic cross section in which the pure Coulomb contribution has been subtracted. 
This corrected cross section can become negative due to the large negative Coulomb 
nuclear interference term. 
When we compare our results with those of Cute et al. [22], taking about the 
2 
same set of data, we have on this set χ /data = 1.49, whereas their optical model 
2 
yielded χ /data = 2.80. In our fit we included more points, at high energies, and 
excluded one set of data on da ./¿Ш at 369 MeV [Θ], which gave our final 
X2/data = 1.39. 
Table IV: Total cross section in millibams, exact and without Coulomb distortion 
(see text). 
No distortion τ lab 
20 
50 
100 
(MeV) Exact 
269.35 
212.01 
177.17 
251.96 
205.33 
174.00 
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3 6 Appendix 
The relativistic Schrödinger equation for total angular momentum J is 
.2 „ .2 
Γ<ϊ ^ 2 L ^.„J! J, , 
— 2 + p - "J - ZmV χ (x) 
2 2 J J 
where ρ , L , m, V , and χ are matrices in channel space. On the particle basis we 
label the channels by (LSMa)ι where a indicates the type of particles (pp, nn, ...)· 
2 
For example, the matrix elements of L are 
( L
 'l/S'M-a'.LSMa = L ( L + " 0L'L V s 0М'М δα·α 
The above given particle channels are not the isospln eigenstates for the ÑN sector. 
The transformation matrix between particle basis and isospln basis is in this sector: 
и- - ul1 - -L 
NN NN я 
1 1 
1 -1 
On the isospln basis V looks like 
г4 <-
к °-
P V » . 0 ) 0 
Lo v¿ , 1 ) 
v ( 2 , 0 ) 
0 
0 
v ( 2 , l ) 
with 
with v' ' given in Eq. (4) , and V- , = VJ + V1* + V ,, where (in the ÑN sector) 
A NN nuc ph Coul 
0,nuc 
l,nuc -J 
and likewise V , . V is the isospln = 1, total angular momentum = J part of the 
ph I, nuc 
V freon Eq. (1). 
nuc ^ 
On the particle basis, in the NN sector (pp, nn) the Coulomb potential is 
Vc(r) 
-2ρη' 
M r 
Ρ 
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Also on the particle basis in the NN sector the reduced mass matrix 
PP 
M 0 
Ρ 
and the center-of-mass relative momentum 
2 
Ρ = 
r
 2 
Ρ
-
ΡΡ 
0 
0 
2 
p= 
' m » -1 
я 
r S 2 
Ï - M p 
0 
_, 0 
S 2 
τ - " 4 η -1 
The asymptotic form of the regular wave function χ is 
XJ(r) 
,:.[;] 1/2 J J (F + GK )A 
Here F and G are diagonal matrices on the particle basis: 
(G)LSMa,LSMa = Па' Р 0
Г ) 
where F and G are, respectively, the standard regular and irregular Coulomb wave 
L L 
functions. 
The partial-wave S matrix S is 
S J = (l + iKJ) (1- IK11)"1 
The matrix A is dependent upon the boundary conditions chosen for χ (r). 
N С The scattering amplitude M = M + M , where the nuclear amplitude is 
a' 
fAs'm'a'-HSMa.-p .) = I [4n (2L+ 1) ] 1 / 2 C^ S J CL'
 1
S
;
J Y L ' , (ρ , ) e ^ 
a *і , 0 m m ш-ш ' m m m-m ' a 
¿TLL 
L lpa J L'S'm'a'jLSma 
-> •+ 
with ρ = ρ 2 and ρ , is a unit vector in the direction of ρ 
a a a a 
The Coulomb amplitude is 
MC(S-m-a^Sma;PaI) - ï-j-j- exP Γ m ; In (sin2 f) + 2ia^ 1 äs,sim.m«a.a 
2p sin — <- -1 a •„. 2 
(§a,-Pa = cos Θ). 
Observables are calculated from the amplitude M, e.g. 
do 
= -Tñ (ñn^pp) =— [ iMtS'm'.nn+SmiPp) | (for diì dÌÌ unpo lanzed pp) 
sm 
s'm' 
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CHAPTER 4: THE S (1934) 
4.1 Introduction 
The new experimental possibilities offered by the Low Energy Antiproton Ring 
(LEAR) at CERN, place the S(1934) meson once again in the center of interest. 
The search for the S dates back from 1966 when a structure at Ε η 1930 MeV 
c m . 
was observed in a production experiment [l]. Since that time in several (photo) 
production experiments [2] and in formation experiments [3] measuring the total 
antiproton-proton (pp) cross section о and annihilation cross section σ the S 
meson was seen. One of the most pronounced indications for the S was found by 
Brückner et al. [4] in 1977. 
However, since about 1977 a whole sequence of experiments [5] failed to show 
any sign of the S and others gave only a weak signal [6]. A critical review on 
several of the formation experiments can be found in Ref. 7. In a recent experiment 
[θ] at LEAR measuring σ , no evidence was found for the S. The conclusion is that 
despite all the e>perimental effort, the mere existence of the S remains 
questionable· 
The search for the S stimulated and was stimulated by theoretical investiga­
tions. It was speculated that indeed an S meson might exist, pictured either as a 
"nuclear resonance" of the antinucleon-nucleon (NN) system [9] or as an antidiquark-
diquark state, called baryonium [10]. 
In the various models many states are predicted, above and below the pp 
threshold. However, no agreement exists concerning their positions and widths. 
One of the experiments specifically designed to look for a structure in the S 
region, i.e. around p, . = 509 MeV/c or E = 1940 MeV, was an accurate measurement 
'lab c m . 
of the pp backward-elastic cross section by Alston-Garnjost et al. [il]. The cross 
section in the backward direction was chosen because it is small compared to the 
cross section in mare fо'ward directions and a (weak) resonance signal might then 
have a relatively large influence there, unfortunately, at ρ га 509 HeV/c, the 
backward cross section reaches, as a function of momentum, its first diffraction 
77 
maximum. Any possible resonant structure in the S region would then sit on top of 
this broad bump. In Section 4.2 we investigate in more detail whether or not a 
resonance can be seen in these data. This is done by comparing the results of this 
experiment to a model for ÑN scattering. The comparison suggests that possibly a 
resonance is present. In order to characterize the features of a resonance we use 
a new resonance parametrization which is briefly described in Section 4.3. The 
resulting resonance parameters for the S are discussed in Section 4.4 and the 
influence on cross sections of a resonance is discussed in Section 4.5. Finally we 
make seme suggestions for future experiments. 
4.2 Backward cross section 
In the experiment of Alston-Garnjost et al. [il] the differential elastic 
cross section da ./dd at cos (Θ ) » - 0.994 was measured at 30 momenta between 
el c m . 
406 and 922 MeV/c. The experimentalists fitted the data with a fifth-order poly-
2 
nomial in ρ , obtaining χ /DF = 0.711. They find no evidence at the 0.1 mb/sr 
level for a narrow (Γ < 10 MeV) resonance in the S region. 
Recently we have developed a coupled-channels model for ÑN scattering [12], 
2 
which provides a good fit (χ /data = 1.39) to an extensive set (977 data points) of 
pp total, charge-exchange, and differential elastic and exchange cross sections. 
One of the sets also included in this fit is the abovementioned backward cross 
section [ll]. These 30 data points (see Fig. 1) have with respect to our model a 
2 2 
total χ - 29.4 or χ /data = 0.96. Our model curve (the solid curve in Fig. 1) is, 
of course, also constrained by the fit to the other 947 pp scattering data. 
A detailed comparison of the experimental backward cross section points and 
our model curve shows that the five neighboring points at 498, 510, 516, 523, and 
2 
534 MeV/c contribute 10.3 to this total χ of 29.4. A bump structure (or dip-bump 
when including lower momenta) seems to be present, suggestively located at the same 
momentum as enhancements seen in σ and σ (Refs. 3, 4, and 6). 
We tried to test the significance of this structure as follows. First we would 
like to be reasonably sure that the data points (excluding the structure) are 
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spread around our model curve according to an assumed (in our case Gaussian) 
probability distribution. 
When we leave out the above-mentioned five points (or eight points between 
460 and 534 MeV/c), we find that the deviations from the curve (scaled by the 
experimental error) have an average value m = - 0.226 (or - 0.379), which shows 
that the model curve is systematically somewhat too low compared to experiment. 
The variance of these scaled deviations is σ = 0.846 (or 0.738). Ideally the mean 
and variance would be m = 0.0 and σ = 1.0. 
When we assume that 4 out of the 14 parameters of our model [12] are needed 
to fit the backward elastic cross section, the probability that we find this σ or 
one with a larger deviation from 1 is about 70% (or 50%). The Shapiro-Wilk test 
[13] gives 86% (or 60%) reliability that the points are spread according to a 
Gaussian distribution (with mean m and variance σ). One can also use the 
Kolmogorov-Smimov test [13] to test the assumption of normal distribution with 
σ = 1 (and mean m ) . It yields a reliability of 72% (or 55%). These numbers show 
that the assumption of a Gaussian probability function was reasonable. 
Assuming then that the model curve may be shifted over m and that we can use 
a Gaussian probability function (with σ = 1) we calculated [14] the probability 
that 5 (or 8) consecutive points with these deviations occur. The probability 
turned out to be 0.8% (or 1.0%). Other groups of 4 to 6 points on a row which lie 
above or below the model curve have a probability of appearance larger than 7%. 
Summarizing, we believe it is unlikely that the observed deviations around 
ρ = 509 MeV/c are of statistical origin only. Besides, it is striking that these 
deviations occur right at the point where in other experiments the S was seen. 
The result of our model [12] suggests that the fit of the experimentalists, 
with a six-parameter polynomial through the 30 data points is probably over-
parametrized. Our more realistic model for a smooth backward cross section gives 
a reasonable fit to all points apart from those around ρ = 509 MeV/c, where a 
dip-bump or bump structure might be present. In another model for ÑN scattering 
[15] a comparable situation in the backward cross section can be seen. 
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4.3 Parametrizatlon 
Let us now assume that indeed a resonance is present. Can the data tell us 
then something more about it? In order to find this out we tried to fit this 
"emaining structure by including a resonant amplitude in a certain partial wave. 
We briefly sketch the way in which the resonance is parametrized. A detailed 
description of this parametrizatlon can be found elsewhere [16]. 
The partial-wave background S matrix for η channels is a unitary and symmetric 
matrix and can be written as [17] 
sbg " " " ' ( 1 ) 
where и is an ηx η unitary matrix. The elastic matrix element is usually 
parametrized as 
Sbg- '¿Vil ' n exp (2i6) 
The multichannel S matrix, with a resonance included! is written as 
S - и S B W и · (2) 
where S_„ is the multichannel Breit-Wigner formula: 
с = 1 21γγ 
BW η (2/Γ) (Ε-E R) + i '
 l
 ' 
where the fractions γ are real and satisfy 
n
 2 ~ 
I Y, =TT = 1 - (4) 
i=l 
writing the S matrix as in Eq. (2) automatically guarantees unitarity and symmetry. 
For the one-channel e l a s t i c part of S one then obtains from (2) 
S
e l = ' S ' l l - S b g ^ V 1 ' ' ( 5 ) 
with 
E - E - ІГ/2 
S ? , (6) 
E - E R + i l 7 2 
and 
1І/2 г , - I 1 / 2 1 2 216 
ζ = e [ [ 1±Π ]
 c o s α + ι [ JLZJI ] s in α cos 9 ] . (7) 
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Here 
2 
Γ , = Γ cos a 
el 
is the width to the elastic channel, and 
2 2 
Γ , = Γ sin α cos В in' 
is the width to the channels to which also the elastic channel decays. Since the 
resonance can also decay to channels to which the elastic channel is not coupled 
directly via the background, but only with the resonance as an intermediate 
state, one also has a "missing width" Γ „, i.e. 
in 
Г = Γ , + Γ , + Γ, „ 
el in' in" 
The elastic and charge-exchange amplitudes are 
(β) 
f
e l = [f(I = 0) + f (I-1)1/2 
f,^ = [f(I = 0) - f(I = l)]/2 
from which the elastic pp partial-wave amplitude f follows as 
Z fR 
el bg,el 2 
where 
f R = <S R- l)/2i , (9) 
and the charge-exchange amplitude (pp ->• nn) 
'CE * W E * Z-f HO) 
An isospin l = 0 o r a n l = l resonance gives the plus or minus sign in (10). 
For characterizing the resonance one has four parameters: Ε , Γ, Γ , and 
Γ ,. Of course, these parameters can still be momentum dependent. That there ar 
four parameters can also be seen in the Argand diagram of the elastic amplitude. 
In such a diagram, a resonance is represented by a circle attached to the point 
f . The circle has in general the following four characteristics. In the first 
place, the energy E is the energy corresponding to the point on the resonance 
circle right across the point f. . Second, the total width Γ is related to the 
bg 
Θ1 
speed at which the circle is traversed at E . Third, the resonance circle has a 
certain radius, given by |z|. And finally, it has an orientation, which is given 
by the phase of ζ (Eq. (7)). It will be clear that unitarity imposes restrictions 
upon the values that the radius and orientation can have. They have to be such 
that the resonance circle always lies caapletely within the unitarity circle. The 
key feature of our parametrization is that it automatically guarantees unitarity 
(and syimetry) of the S matrix, and at the same time allows one to describe all 
possible resonance circles. No additional unitarity constraints, as in other 
parametrizations, are needed. 
4.4 Resonance parameters 
We now use the resonance parametrization of the preceding section and apply 
it to the data described in Section 4.2 in order to find out whether we can 
determine the parameters of the presumed resonance. The smooth background S 
matrix is given by our coupled channels model for NN scattering. We include a 
single resonance in a specific partial wave (J, L, S, I). In this way we investigate 
systematically for all the relevant partial waves whether there might be a resonance 
in this wave. It seems a reasonable assumption to take Ε , Γ, Γ , and Г. , energy-
independent, since the structure extends only over a small region of energy compared 
to the distance to the pp threshold. 
By adjusting the four parameters for each case, we make a best fit to the 
backward-elastic-cross-section data between 406 and 534 MeV/c. 
We find that the data are not restrictive enough to allow a determination 
of the quantum numbers of the resonance. Each partial wave (up to L = 4) can 
2 
support equally well a resonance. In all cases the χ of the fit to the backward 
cross section is much improved when a resonance is included: typically it is 
2 2 
lowered from χ = 29.4 to χ < 17.0, an improvement of more than 12 with only 
four additional parameters. This is another demonstration of the above-mentioned 
significance of the structure. In Fig. 1 ал example of such a fit is given for 
the case where a resonance is put in the D, wave (dashed curve). However, the 
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Fig. 1: pp backuard elastic cross section. Solid curve: fit of Ref. 12 to the pp 
da
 7/dil (180°) data of Ref. 11. Dashed curve: fit including a resonance in the D. 
partial wave, with parameters ER = 1934 MeV C p ^ - 482.3 MeV/c), Г - 6 MeV, = 
a - 1.6S, В = 0.75. 
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Fig. 2: pp total cross section. Solid curve: result of Ref. 12. Dashed curves: σ„ 
11 for a resonance in the D„ wave. (, = U.7S corresponds to the best fit to da -¡/du 
(180 ) . $ - 0.50 and S = 7.00 increase the χ of this fit by l.S. 
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other waves give a similar plot. 
The parameters E p and Γ turn out to be almost independent of the particular 
partial wave in which the resonance is put. They are 
E - 1934 ± 3 MeV , Γ - 6 ± 4 MeV 
These numbers are far from unrealistic. In Ref. 1Θ a value of E - 1935.3 ± 1.0 MeV 
is quoted, whereas no value for Γ is given. 
The partial widths Γ and Γ , have widely different values among the partial 
waves. However, in all cases we find Γ /Γ < 0.5. This ratio between elastic and 
total width is given by a, which was always well determined by the fit to the data. 
The parameter β has in general a large error, which implies that the "missing 
width" Γ - Г , - Γ. .is not well fixed by the data. 
el in' 
4.5 Cross sections 
Some almost model-independent observations can be made about the difference in 
the total cross sections between the cases with and without a resonance. We denote 
this difference by Δσ , where Δσ = (σ with a resonance) - (σ without a resonance). 
The pp backward-elastic cross section is expressed in terms of the elastic 
partial-wave amplitudes f ,(J, L', L, S) for unpolarized ρ and p, as (leaving out 
el 
the Coulomb-phases) 
do e l 
d i i
 L TT τ 
sm
 l
 JLL 
<180°) - i I \ I [(2L + 1)(2L- + 1 ) ] 1 / 2 C ^ S J C ^ ^ ^ 4 L | _ £ ' . O m m O m m 
] 2 χ fel(J, L', L, S) (-)1, | (11) 
with f . given in (6). 
el 
As one observes in Fig. 1, the best fit to the backward cross section, 
including a resonance, shows a dip-bump structure as a function of the momentum. 
In order to obtain for different partial waves (about) the same behavior of the 
L 
backward cross section, it is clear that, due to the factor (-) , the partial-
wave resonant amplitude (zf /2) has to change sign between even-L and odd-L waves. 
Θ4 
On the other hand, we have for Δα„ 
Τ 
zf, [?] Δσ τ = - (2J+ 1) Im | — - \ , (12) 
where ρ Is the center-of-mass momentum. From this we observe that when Δσ_ Is 
Τ 
positive at a certain momentum for L = even, then It will be negative for L = odd 
and vice versa. This Implies for a dip-bump structure as function of the momentum 
in the backward cross section that we find in σ a dip-bump structure when L = even 
(negative parity) and a bump-dip structure as function of the momentum when L = odd 
(positive parity). 
However, one should keep in mind that the actual height and depth of the bump-
dip structure Is also dependent upon @. This can also be seen in Fig. 2 for the 
D. wave. As a matter of fact we observe that in our fits In general only the 
dip (bump for negative parity) of Δσ corresponding to the dip in the backward cross 
section might be observable, since the bump in σ that corresponds to the bump in 
da ./diî (1Θ0 ) is very weak. This specific feature depends upon the background 
value of the amplitude. 
As a conclusion, we observe that the parity of the resonance can be determined 
from an accurate measurement of σ together with detailed data on the position and 
shape of the structure in the backward cross section. 
In general the maximum value of |Δσ | lies between 2 and 4 rab (depending upon 
the specific partial wave) for the best fit to the backward cross section. The 
maximum of ¡Δσ | is very much dependent upon 0 (this can also be seen in Fig. 2). 
As mentioned before, β was not well fixed by the data. In fact, the error on this 
maximum value of |Δσ | lies between 1 and 3 mb (again depending upon the partial 
wave). This means that a value of the maximum of ¡Δσ | of about 1 mb is compatible 
with our fit to the backward cross section. The most accurate experiments [θ] 
have a statistical error of about 0.9 mb in this momentum region. 
Including a resonance, a large change in σ of some 10 mb at maximum is in 
our model only generated by a resonance coupled to the P. partial wave. Such a 
large effect is observed by Bruckner et al. [4]. However, in this case we find the 
change in σ also to be large, which is then again not m accordance with other 
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Fig. 3. The pp charge-exchange cross section. Solid curve: result of Ref. 12. Dashed 
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86 
experiments. 
Note that a small effect in о , accompanied by a clear effect In the backward 
cross section, can also be caused by a degenerate pair of resonances, provided they 
do not have the same parity. 
Typically the change in σ , due to a resonance, is smaller than 0.5 mb, for 
several partial waves even less than 0.1 mb. For a resonance coupled to the 
afore-mentioned D_ partial wave the charge-exchange cross section is displayed 
in Fig. 3. The current (statistical) errors on α are about 0.2 mb. Therefore 
CE 
a single resonance with a definite isospin is compatible with no effect seen until 
now in σ . Such a small effect in σ might also be obtained with degenerate 
1 = 0 and 1 = 1 resonances [19]. Due to lack of sufficient data in the backward 
elastic cross section, we could not test whether such a doublet is preferred. 
Some years ago, R. Tripp suggested [20] measuring carefully the energy 
dependence of the charge-exchange differential cross section in the backward 
direction, especially in the region of the S meson. In Fig. 4 we present our 
prediction for the backward cross section, in the case that a single resonance 
is included, either in I = 0 or I = 1. Fran all possible J combinations we 
selected a typical example ( D.). Because this charge-exchange backward cross 
section is at p, . = 510 MeV/c a factor of about 7 smaller than the elastic lab 
backward cross section, the relative effect of a resonance is roughly a factor /7 
PC larger in the backward charge-exchange cross section. In the J cases considered 
by us an I = 0 resonance always gives a bump at about 500 MeV/c and an I = 1 
resonance always produces there a dip. A measurement of this backward 
charge-exchange cross section will be a way to determine the isospin of the 
resonance. 
In Ref. 11 it was argued that a resonance might show up relatively pronounced 
in the elastic cross section at 1Θ0 . We suggest that another good place to look 
for a resonance is the angle at which the differential cross section has its 
minimum (provided that the resonance is not exclusively coupled to the pp L = 4 
partial wave, since for this wave the Legendre polynomial reaches a zero about in 
this minimum of da ,/díí). In our coupled-channels model we can accurately determine 
el 
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this angle, and the corresponding value of do ./di). 
We find 
cos 9 . = 0.4610 + 0.2436 χ ΙΟ - 2 (ρ, . - p
n
) 
min г1аЪ 0 
- 0.1515 χ Ю - 4 tp l a b - р 0 )
2
 , (13) 
"ST «in» " 0 · 3 0 7 3 - 0 · 2 0 1 2 X 1 0" 2 (Plab - »0» 
+ 0.1710 χ IO"5 (p l a b - P o )
2 
+ 0.2121 χ IO"7 (p l a b - p 0 )
3
 , (14) 
where p„ = 500 MeV/c and p, . is in MeV/c. These formulas are accurate to 1% for 
и Iah 
400 < p l a b < 650 MeV/c. 
Apart from more accurate measurements of do ./<3Ω (1Θ0 ) and σ (which may 
provide the parity of the resonance), also a determination of Ρ(do ,/dn), the 
polarization times the pp unpolarlzed elastic differential cross section, will be 
instructive. This quantity is equal to [21] 
P(da ,/dn) , = Tr (MM+ σ ) , (15) 
el unpol у 
where M is the full scattering amplitude matrix. Conservation of С parity implies 
that in pp the spin S is conserved. A resonance coupled to a singlet S = 0 NN 
partial wave will then influence the differential cross section, but will leave 
Ρ(do ,/dfl) unaltered. 
el 
4.6 Conclusion 
We conclude that there is some evidence for a structure in the pp backward-
elastic-cross-section data around ρ, , = 509 MeV/c. This structure can be fitted 
lab 
very well when a resonance is included with E = 1934 ± 3 MeV and Γ = 6 ± 4 MeV. 
Accurate measurements of σ_ together with do ,/dS) (180 ) can provide the parity 
τ el 
of the resonance. However, it remains possible that a structure in the backward 
cross section is not accompanied by a likewise pronounced effect in σ , even with 
a single resonance. A measurement of the backward charge-exchange cross section 
can provide the isospin of the resonance. 
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CHAPTER 5: THE NN + YY REACTION 
5.1 Introduction 
With the current accelerator technologies as applied for example at LEAR, 
several interesting baryon-antibaryon (BB) thresholds are well within reach of 
experimental studies. High intensity antiproton beams can be fine-tuned to a 
previously unknown accuracy in momentum. It is expected that especially reactions 
in the neighborhood of these BB thresholds can now for the first time be studied 
in great detail, delivering a large amount of data. 
At the low end of the energy scale one finds the pp and nn thresholds, about 
which some data is available. The next BB threshold is the ΛΛ threshold at 2231 MeV. 
Then follow the ΛΪ" and Σ Λ thresholds and the ZZ thresholds and finally the ΞΞ 
thresholds. All these thresholds, which contain strange baryons (Y) and strange 
antibaryons (Ϋ) are virtually unexplored. In Table I a summary of the ΥΫ thresholds, 
relevant in proton-antiproton scattering and the antiproton laboratory momentum 
corresponding to these thresholds is given. 
•s (MeV) p. . (MeV/c) I lab 
ΛΛ 
ΛΣ
0 
Λ 
zV 
Λ
0 
ΓΣ" 
-OzO 
_-=-
2231 
2308 
2379 
23Θ5 
2395 
2630 
2643 
1435 
1635 
1Θ35 
1871 
1898 
2583 
2621 
0,1 
0,1 
0,1 
0,1 
0,1 
Table I: Hyperon-antihyperon thresholds and beam momentum. 
Table II lists some references where the few data, available on pp •* ΥΫ can be 
found. 
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Ref. Channel ρ (MeV/c) 
1 
2 
3 
4 
5 
ΛΛ 
ΛΛ, ΛΣ, 
ΛΛ, ΛΣ, 
ΛΛ, ΛΣ, 
ΛΛ 
ΣΛ, 
ΣΛ 
ΣΛ, 
ΣΣ 
ΣΣ 
1500-
2200 
3000 
3600 
6000 
2060 
Table II: References for pp •*• УУ acattering. 
In 1985 results will be available, from LEAR, on the reaction pp •* ЛЛ, with 
energies close to the ЛЛ threshold (at a laboratory momentum of 1480 and 150Θ MeV/c). 
There are many reasons why in proton-antiproton scattering the hyperon-antihyperon 
channels are especially interesting. (We restrict ourselves here to pp scattering 
since that is the actual experimental situation.) 
Of all the very many possible channels available in pp scattering these ΥΫ 
channels are among the relatively few two-particle final states. This gives a 
much simplified kinematics. Although the hyperons finally also decay, via the weak 
interaction, they live long enough to consider them as stable in this context. 
This means that experimentally the two-particle ΥΫ state is clearly detected. In 
fact this is quite exceptional in pp scattering since one almost always has very 
unstable (intermediate) decay products, resulting in many particles (more than 2) 
in the detectors, from which only with more effort the nature of the unstable 
particles can be deduced. 
In the special case of the channels in which a Σ (or Σ ) is produced, the 
rapid decay of the Σ into Λγ presents experimentally no problem. From the Λ 
angular distribution the presence of a Σ can be inferred [4]. 
With the ability to adjust beam energies close to the ΥΫ thresholds, scattering 
occurs mainly in the ΥΫ S-waves or P-waves. This is a considerable simplification 
of the analysis. 
An additional benefit of these YY channels is that some of the channels have 
only isospin 1 = 0 (ΛΛ) or only 1 = 1 (ΛΣ and ΣΛ). This reduces the number of 
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amplitudes involved by a factor of two. 
Some special effects can be expected for the charged hyperons, where the 
Coulomb interaction comes into play. Expected near threshold is an enhancement of 
the cross section σ (NÑ •* Yï) due to Coulomb attraction. Possibly ΥΫ atomic bound 
states can be formed, whose energy shifts and level widths are related to the 
annihilation interaction (as has been studied also for pp atomic states, see e.g. 
[5,6,7]). 
The ΥΫ final states are very interesting because their weak decay properties 
offer a means to obtain much more information about the interaction than is 
practically possible in e.g. pp •* pp. The hyperons decay weakly into a nucleón 
and a pion. This decay has a large asymmetry with respect to the polarization 
axis of the hyperon, i.e. from the decay angular distribution the polarization 
of the hyperon and antihyperon and their spincorrelation coefficients can readily 
be found. In Section 5.2 we work this out in more detail. For comparison: in 
PP "* PP scattering one would need either a polarized target or secondary scattering 
to get this same kind of information. 
Furthermore, in the quark model, the polarization of Λ or Σ (or Λ, Σ) is 
directly related to the spin of the strange quark in the hyperon. This is seen as 
follows. The hyperons Λ or Σ contain two nonstrange quarks and one strange quark. 
The total quark wave function is antisysmetnc, and since the baryons are colorless 
objects their color wave function is antisymmetric, which implies that the product 
of spin, flavor, and orbital wave function ψ θ ψ β ψ , is symmetric. We assume 
that the orbital wave function is symmetric (all quarks in the lowest orbital, 
i.e. relative S-waves). So φ β ψ is also symmetric. There are then two 
possibilities: the two nonstrange quarks form either an I = 0 system (Λ) or an 
1 = 1 system (Σ). The strange quark does not contribute to the isospin. Since 
I - 0 resp. I = 1 is an antisymmetric resp. symmetric flavor wave function φ , the 
two nonstrange quarks are combined to give a "nonstrange" spin S = 0 resp. 
Ξ = 1 . The hyperon as a whole has spin S - 1/2. Thus the spinvector of the 
Λ is equal to the spinvector of the strange quark (see also Fig. 1). For the 
Σ we can find the spin composition with the help of Clebsch-Gordan coefficients. 
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Fig. 1 
If now а ΛΛ pair is produced in pp scattering with a given spin S we conclude that 
an si pair is created in this same spinstate. For ΛΣ or ΣΛ or ΣΣ production the 
situation is somewhat more complicated, but is also readily reduced. 
In fact high hopes have been expressed that the pp •+ ΥΫ reaction is a good 
testing ground for quarkmodels [8]. In a quarkmodel the reaction pp •* ΛΛ looks 
as in Fig. 2. 
l l , s i 
Ч-
В2 l,s 
Fig. 2. 
There is some indication from the data that the ΛΑ system is produced, near 
threshold, with spin S = 1 [l]. The question now is: do we need much more information 
in order to find out how the si pair is produced? It was speculated that experi­
mentally it is quite feasible to find out whether (near threshold) the ss pair 
is created in a J PC -PC state (as simplest possibilities 
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corresponding to having the ss pair, like the ΛΛ, in an S = 1 state). The 0 mode 
is often thought to be related to the P. model, where the quark-antiquark pair is 
created with the quantumnumbers of the vacuum. The 1 mode is then S. creation/ 
annihilation, where the qq pair might be coupled to a gluon. Now it is thought, 
in the so-called additive quarkmodel, that the threshold behavior of σ (pp •* ΛΛ), 
— 2 2 L ' + 1/2 
determined by the relative angular momentum L' of Λ and Λ (σ ~ (E - 4M,) ) 
cm Λ 
is determined only by the relative angular momentum of the ss pair. This idea, 
however, assumes that all the other quarks and antiquarks (acting as spectators) 
will not contribute to the orbital angular momentum, i.e. that they are all in 
relative S-waves. Such an assumption is not a priori valid in the context of quark 
pair creation models, where the intermediate qq-qq state may just as well have a 
non-zero angular momentum iqq-qq. When one has e.g. Iqq-qq = 1 , then for Ρ 
creation the two orbital angular momenta can couple to L' = 0 , giving S-wave 
behavior of σ (pp ->• ΛΛ) and not P-wave behavior, as thought in first instance. 
This can also be seen from the recoupling coefficients for the P. mechanism 
[9, 10]. The amplitude for the transition of Fig. 2 where the annihilated nn quark 
pair and the created si pair are in a P. state, is: 
M(pp ->• ΛΛ;3Ρ0) = с(рр,г,Ь) сЧРдД.Ь') g
2
c
 д
а
 g¿ g,, gs,
 4 ι д^ (1) 
where the coefficients с and c' contain the space part of the transition. They 
depend upon the center-of-mass momentum ρ and ρ of proton and lambda respectively. 
The recoupling coefficients (for their definition, see section 5.3) are: 
g„ = 1/3 
9 J = 
s 
I 
J 
9 ä - 6 s M 
gs = 
9 I = 
s l 
s 2 
s 
i l 
*2 
0 
1 
1 
0 
Va 
1/2 
1/2 
1 
1/2 
1/2 
0 
6s,i V a 
ι 
1 
о 
= s 
1 
L' 
J 
S,l 
= 6 
1,0 
g*. S',1 
о о 
о о 
о о 
(2) 
1,0 
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Thus, the coefficients g and g' have to be determined. For the lowest values of 
L, L' and J one finds: 
J = 0 , L = L' = 1 gj-gj, - ι 
J = 1 L - L' «=0 
, .„ ,2S+1 3„ . 
W • 1 / 9 < 'j = Sl) 
(3) 
This means that P. annihilation/creation is possible, while still having S-wave 
scattering. 
Very recently the reaction pp •* ΛΛ has become even more interesting due to 
the discovery of the so-called ξ. This is a narrow state, observed in electron-
positron scattering at a cm-energy of 2.22 GeV, which is just below the ΛΛ threshold 
[9]. It has been speculated, that the ζ is perhaps a Λλ bound state. This connects 
nicely to the fact that already since years one of the major motivations for 
research in the field of low- and medium-energy baryon antibaryon scattering, 
has been the possible existence of bound baryon-antibaryon states. 
5.2 The weak decay of Y and If 
In this section the weak decay of the hyperons and its relation to polarization 
and spin correlation coefficients is worked out in detail. We take everywhere the 
Л and Л decay as an example. In Fig. 3 the configuration for the scattering process 
pp •* ЛЛ is given. 
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Fig. 3. 
In Flg. 4 the decay angles (θ, φ) and (θ, φ) are defined, in the center-of-mass 
system of Λ and Λ. The decays are: 
Λ ·+ ρ π 
Λ -·• ρ π 
These charged decay modes account for about 64% of the decay of these hyperons, 
and It are these charged particles which are detected experimentally. 
Fig. 4. 
The transition matrix M for Λ -t- ρ тг can be written as: 
M = A„ + Α σ·ρ 
w S ρ ρ (4) 
where ρ is the momentum of the proton. This form of M follows from the experimen­
tally well-known fact that the weak decay has a parity breaking term. Then for the 
decay Λ •* ρ π , the transition matrix M is 
M = Ä„ + Ä σ·ρ-
w S ρ ρ 
(5) 
Using charge conjugation С and the parity transformation P, A and A are related 
to A and A . Defining the state containing а Л with spincomponent m at rest by 
s ρ 
I A, m>, and the state containing a proton with spincomponent m' and momentum ρ 
- -> , ->• - -+ 
and a π with momentum -p by |p, m', ρ; π , -p> one has: 
<p, m', p; n , -p | M
w
 | Am> = χ^, (Ag + Α σ·ρ) ^ 
where χ is a two-component spinor. 
M is essentially invariant under CP, and furthermore we have: 
(6) 
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CP ІЛпо ІЛт> 
CP |р, m', ρ; ir |ρ, m', -ρ,- π , ρ> 
(7) 
Thus: X*,(AS + A σ·ρ) X m - - χ*, (Äs-Ä î-p) Xm (θ) 
from which follows: 
S S and A - A 
Ρ Ρ 
A beam of Λ hyperons with polarization Λ has a density matrix: 
(9) 
p A - 2 α + 0· ΡΑ ) (10) 
We define a„ E A„ and a = A Ι ρ I, and β a unit vector in the direction of the S S ρ ρ ' Ρ ' 
proton momentum ρ (as measured in the Λ rest frame). 
The final state density matrix is: 
ρ _ = Μ ρ, M+ = -i- (laJ2 + la I2) 
ρπ w Λ w 2 ' S' ρ' 1 + <»ß-P. + (α + Ê-P )σ-β + 
+ Β σ·Ρ χ β + γ σ·βχ (Ρ. χ p) (11) 
with 
β = 
2 Re a 
las 2 + 
2 Im a 
las 
las 
las 
2
+ 
2_ 
2
, 
* • ; 
M' 
! ' p 
I - P ' 2 
>·/ 
I - P ' 2 
(12) 
The decay probability W(ß), of finding a proton with momentum in the direction p 
then is: 
И ( Р ) =
 47 { 1 + a ри'р) ~ T r РЛ (13) 
From (5) and (9) it is obvious that the decay probability W(ß) for the antihyperon 
is: 
1 _ -k 1 ->• 
(14) W(P) -i.(i+5Îx.p) -¿-a-.^.p, 
Experimentally one has determined: α(Λ ->• ρπ ) = 0.647 and α (Σ •*· pir ) 0.979. 
For pp scattering, the initial density matrix ρ - represents an uncorrelated 
PP 
beam and target, i.e. ρ - is the outer product of the density matrix for beam and 
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target, having polarizations Ρ and P-: 
ρ - = χ (1 + σ-Ρ )·(1 + σ.Ρ-) . (15) 
PP 4 ρ ρ 
After the (strong) interaction with amplitude M , the ΛΛ density matrix is: 
Ρ
ΛΛ •
 MS Ppp «S · < 1 6 ) 
This matrix ρ . is not separable in general, since Λ and Λ are not uncorrelated. 
It can, however, be expanded on the 16 basis matrices α σ , being the outer 
product of the Pauli matrices σ , σ , σ and σ„ » Ι.. One has 
χ у ζ 0 2 
ΛΛ 4 du [ Λ Λ "", kZ к I J 
1 do г _, Л Л ,._. 
= -τ -тт λ С' σ σ , (17) 4 dn '· μυ u ν 
У, 
with С = 1, CL = Ρ , С = Ρ and С the spin correlation coefficients. 
do One also observes that the differential cross section -τχ is: 
аП 
T r PM m Ш ( p P -• **> ' a 8 ) 
and furthermore: 
m
 ->·Λ ^Л do 
Tr ρ,
 τ
 ο = Ρ -τχ 
Κ
ΛΛ dû 
_ -»-Я A7¡ do ,,„. 
Tr р
лл
 σ
 •
 p
 Ж
 ( 1 9 ) 
Л Я „ do 
T r р
лА
 σ
κ \ = скг Ж 
Now the normalized decay distribution of the final state proton and antiproton is 
easily found to be: 
W(ß ,β-) = N-Tr M M p., M+ M = — Ц - (1 + α У P. cos θ, + p p w w ЛЛ w w ., 2 , к к 16π к 
+ α Ι Ρ£ cos ^ + ο α I C k £ cos к cos 6· ) (20) 
к к,£ 
The angles θ. and θ,' are found from the directions б and p-, as given in Fig. 4: 
κ κ P P 
cos θ = sin θ cos φ ; cos θ' = - sin θ cos φ 
χ χ 
cos θ = sin θ sin φ ; cos θ' = sin θ cos φ (71) 
У У 
cos θ = cos θ ; cos θ' = - cos θ 
ζ ζ 
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The minus sign occur due to our choice of the system of axis as that of the Λ in 
Fig. 4. 
From the equation (13) it is seen that from an experiment, that samples η decays 
of а Λ, produced in pp scattering in a certain direction, the polarization for A's 
produced in that direction is estimated as: 
1=1 
The bracket denotes averaging. Likewise the splncorrelatlon coefficients are found 
from: 
Ckt = "^ <COS к c o s ^k* · ( 2 3 ) 
αα 
Usually the set of axis (x,, y., z.) and (x_, y,, ζ,), which are related over 180° 
around y, with respect to each other, are taken. This gives then some sign changes 
in the Λ polarization and in the splncorrelatlon coefficients: 
P X + - й Ci +-C. 
x x kx kx 
(24) 
Ρ
Λ
 - - P X CL * - CL 
ζ ζ kz kz 
Also often mentioned is the singlet fraction S, defined by: 
S - Tr p. T S - Tr p.. -i" (1 - σ
Λ
·σ
Λ
 ) = -J- (1 + С - С + С ) (25) 
ЛЛ ЛЛ 4 4 хх уу ZZ 
Bere we have taken the splncorrelatlon coefficients from (24). The operator S 
simply projects out the spin singlet state. 
He finish this section by giving some symmetry relations for the polarizations 
and splncorrelatlon coefficients. Applying the CP-transformation to the reaction 
pp •* ЛЛ shows that: 
Ρ = Ρ 
с = с 
кі ik 
(26) 
(using a common set of axis, e.g. (x., y,, z.)). 
For an unpolarized beam (p) and an unpolarized target (p) the final polarizations 
•»•Λ ->·Λ 
Ρ and Ρ can only point in the direction of the normal to the scattering plane, 
i.e. 
Ρ
Λ
 _ ρ
Λ
 , ρ
Λ
 = р
Л
 . 0 (27) 
χ ζ χ ζ 
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This is seen from constructing the possible independent axial vectors. In fact, 
this is only ρ x p. ~ $.. Likewise, constructing a symmetric tensor of rank 2 in 
order to represent c. . one finds 
С = С = 0 (28) 
xy yz 
5.3 The BB one-meson-exchange potential 
А^_зи ( 3) formalism 
In order to describe the (anti) baryons and mesons and their mutual interaction 
we use the flavor synmetry group SU(3,F). The group SU(3,F) is generated by the 
8 operators Y, I 3, I +, K +, and L + [13]. 
Given an irreducible representation (irrep) of the group, which is labeled 
by {μ}, this irrep has its matrix representation in a complex vector space of 
dimension N , spanned by a set of basisvectors ζ . The index m = (I, I,, Y ) , 
and - m ? (I,-I,,-Y). An element U(a) E SUO,F), operating upon this vectorspace 
defines the matrix representation D (a) of {y} by: 
DO) ξ'"' = ξ·(μ) = ¿У ^Ы) . (29) 
m m m m m 
The summation over repeated indices is implicit here. 
(u)* (w)* 
The complex conjugated states, E , transform with D (a), which is а 
m 
matrix representation of 0(a) that is in general not equivalent to 0 . However, 
(y)* (u*) (y)* 
defining D to be a new representation, D , on the basis ζ is in conflict 
with the Condon-Shortley phase convention, which states for this case that the 
matrix elements of I and К are all positive. For example, with the definition 
(u*) (y)* 0 4 μ ' = D V M one has: 
τ
ι
ν
*) . . jUO* . . .(P) .
 ( з 0 ) 
Thus, we choose another basis, which does give the desired property, by: 
with the charge Q(m) = I + -χ- Y. 
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'This Is a 'good' basis in the octet model, where the lowest nontrivial SU(3,F)-
.rrep, thought to be realized in nature, is the octet {θ}. For general SU(3) 
irreps an additional phase factor (-) is introduced in (31), with t the so-called 
triality [14].) 
Using the definition (31) we find the matrix representation of the irrep 
{y*}: 
„(μ·) .
 (_jßC-'> D(u)* (_)0(.) . ,33, 
m m -m ,-m 
r1. Particles and fields 
Having defined the basis states, we connect these to the one-particle states, 
i.e. the states containing one meson or baryon or antibaryon. 
The mesons transform according to a selfconjugate irrep, which is either a 
SU(3,F) singlet {1}, or a SU(3,F) octet {8}. The fact that the irreps are self-
conjugate means D = D or {μ*} = {μ}. A state of one meson, of momentum ρ 
ι (u) + •* 
is created from the vacuum |0> by the creation operator a (p): 
|p; μ, m> = a ^ ' ^ p ) |θ> . (34) 
The meson has the SU(3,F) quantum numbers m. Possible spin quantum numbers are 
suppressed here. The states are normalized to: 
<?'; μ' m' Ι ρ; μ, m> = (2ττ)3 2 Ε δ ( 3 ) (p-p') δ ,'6 , , (35) 
' ρ μ,μ mm' 
with the energy E = τm + ρ and m the mass of the meson (for the moment we assume 
a singlet mass m for the whole meson multiplet). This state transform as a basis 
vector, which implies: 
Ufa) a(,i)t(5) if1«» =*{γ\ΐ) D^'ta) . (36) 
m m m m 
(μ) •+ Obviously the annihilation operator a (p) then transforms as: 
(μ) -»• -1 (μ) ·* (u)* U(a) a^'tp) U '(a) - а'7' (ρ) D^V (a) . (37) 
m m mm 
(μ) + (μ) 
The commutation relations between a and a can be derived from the normaliza­
tion condition (35): 
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<p',· μ· m' Ι ρ; μ, m> = <0 | a^. (p') a^"' (ρ) | 0> = 
- < 0 | [ a ' ^ ' t p · ) . a^> + ( ^ ] | 0> - (Ζ, ) 3 2Ep δ ( 3> £ - ? . , 1^.-<л,я. 
(38) 
Now field operators φ (χ) are defined: 
•i1" 'x' = / - A — l*LV) (Р>е1Р'Х + '-» Q ( m ) a<l,, + (P)
e
"
XP
'
X] (39) 
(21,)
32E m 
Ρ 
In our metric g " (-1, 1, 1, 1) the product p-x = -p
n
x
n
 + ρ·χ - -E t + ρ·χ . 
The field φ transforms under U(a) as: 
ш 
U(a) ¿ U ) U-Sa) =φ',:) D^·«») . (40) 
m m m m 
Baryons and antibaryons are associated to different SU(3,F) multiplets. So there 
are two creation operators, which give the particle state in the irrep {μ} and the 
antiparticle state in {μ*}: 
|J, s; μ, m> = Ь μ (ρ, s) |θ> 
,t _ (41) 
|p, s; μ*, m> = α'" (ρ, s) |θ> „ . -. -*W 
The z-cranponent of the spin i s indicated here by s . The transformation properties 
D(«) Ь^ 1«») = ЪІ У D^Na) 
m m mm 
t t ( 4 2 ) 
ö(a) d U (a) = d , D , (о) 
m m mm 
(u) (μ*) (μ)* (μ*)* 
The annihilation operators b and d transform with D and D 
m m 
respectively. 
The anticommutation relation, e.g. for b and b are: 
{b'^lp', s'), b ( v J ) (J, s)} = (2тт)3 2E δ ( 3 )(ρ-ρ·)6 ,-δ ..fi , (43) 
m' m Ρ μ,μ m,m s,s' 
Then baryonfields are defined: 
ψ '
μ )
 (χ) - Σ ƒ - ^ — I b m P ) ( Ρ' s> е І Р ' Х U«P' s> + ( -» Q ( m ) d ( | ; * ) + (P· s ' 
s (2ir) 2E 
Ρ 
x е"
х р
'
Х
 v(p, s)] (44) 
The spinors u and ν are given in the appendix. The field ψ transforms with 
10 
D ( , 1 , *
: 
U«,) t™ υ-'M ' ^ D«Ï»· . (45, 
m m m m 
The conjugate f i e l d I s : 
• I " ' <*> - * 1 μ > ( χ ) f,ι ( 4 6 ' 
m m y 
(W) 
and transforms with D . The y-matrices can be found in the appendix too. 
C. Interaction lagrangian 
Out of the fields defined sofar, combinations can be made that transform 
according to a certain SU(3,F) irrep. The way to do this is by using the (real) 
μ1 μ2 Ч 
S0(3) Clebsch-Gordan coefficients C( ) [13-15]. Out of ψ and φ a current 
"l m2 m3 
can be constructed which is combined with the meson field to form a SU(3,F) 
singlet. This is then, in first instance, a representation for the interaction 
lagrangian of baryons and mesons. 
The result of the procedure is that we obtain the interaction lagrangian 
oL. . for the interaction between baryons of irreps {μ} and {к} and mesons of 
"int 
various irreps {λ} as: 
X i« - Σ ι у » с ; ; ¡r. -,<:> »<« ,«> . ,«, 
λγ kim ' -, 
In order to have an interaction lagrangian oL , which is a singlet under SU(3,F) 
transformations, i.e. 
ϋ ( α )
 - ( n t U " 1 ( a ) ^ i n t 
we have to prove: 
(4Θ) 
kim 
In fact, this is easily verified by constructing the scalar 
kim 
(u*) (u)* о (m) u u* 1 Q (m) 
and using ς ν μ ' - ξ ι μ' (-)uv ' and С Г „) ~ (-) . This last property 
-m ш m -m О 
follows from realizing that the D matrices are unitary and that thus 
Ι ξ
( μ )
* ς
( μ )
 is a scalar. 
'• m ^m 
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In our case the baryons considered are members of an octet. Since 
{8} β {8} - {1} β {θ } β {8 } θ {10} β {10*} β {27}, one has two coupling constants 
g (8) and 9.(8) for the coupling to octet mesons. 
In the real world, SU(3#F) is not as perfect synmetry present. For example, 
the meson masses within a multiplet are not all equal. The same holds for the 
baryons. Furthermore there is some octet-singlet mixing of mesons, and possibly 
also mixing with an octet. These kind of effects will be taken into account later. 
1. In the above formula for rJ^. no mention was made of the spin J and parity Ρ 
and charge parity С of the mesons (and baryons). However, when we take this into 
account we distinguish for our purposes scalar, pseudoscalar, vector, and tensor 
interactions. In Table III the corresponding form of - tJ—
 t is given, where we 
leave out flavor labels and summations. 
scalar g Φ Φ Φ 
SC 
pseudoscalar i g ψ γ ψ φ 
vector - i g
v
 ψ γ μ ψ φ
μ
 + -^- ψ σ μ ν ψ (ЭУ ф - Э ф ) 
Ρ 
tensor [ 1 2 1 
-¡± Í(YW Э" + γ ν ЭР) ψ - - ^ - ЭУ ψ Э φ φ μ υ 
ρ Η
ρ 
Table I I I : Interactions (-„L· J· M is a scaling глаз83 e.g. the proton mass. 
D. One meson exchange diagrams 
Our aim is to derive here the baryon-antibaryon one-meson-exchange potential. 
We will relate this potential to the baryon-baryon potential. This has the advantage 
that already the BB potential can give seme insight in the BB dynamics, and that 
information gathered from BB scattering might put further constraints on these BB 
potentials. Another significant benefit of an explicit relation between these one-
meson-exchange potentials in the BB and BB channels is, that a lot of work which 
has already been done for the detailed calculation of various BB potentials can be 
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caken over. An example of such an explicit relation Is the well-known G-parlty 
rule, mentioned In chapter 1. 
As an example of the derivation of BB and BB potentials, we take here pseudo-
Lcalar exchange. For BB scattering mediated by the exchange of a pseudoscalar 
feson (Fig. 5) the scattering matrix M., is: 
- 1 M f i (2π)4 S ( 4 ) ( P f - P . ) = ^ — ƒ d4x d V < f | T [ 0 ^ n t ( x ) o Z l n t ( x ' ) ] | i > -
- Σ , Ι *
γ
<λ> а , , с ( к І > с ( * · r > > 
λ λ ' γ γ ' kdrn ' ' 
k ' ï ' m ' 
x ƒ d X d χ' <Рз"з»1зшЗІ*ш r5*k l pl Sl : Ul ml > 
κ < ί 4 6 4 ; μ Λ | ψ ^ ) γ 5 ψ ^ ) | Ρ 2 3 2 ! μ 2 ν < 0 Ι Τ [ φ Γ ) ( χ ) Φ 1 · , ) ( κ , ) 1 Ι 0 > (51) 
(К) (μ) 
Pi • Ρ1 + Ρ2 
Pf = Рз + Ρ4 
k = Рз - Ρχ 
Fig. 5 
Τ denotes the time-ordered product. Now 
^ з ^ з ^ І ^
1
"
 ( χ ) γ 5 ψ ) [ Κ ) ( X ) I P i s i ; l i i m i > 6 δ, 6 6 
K.Pj k^j μ,μ3 m,m3 
u(p,,s,) u(p ,3.) e ilPl-Pì)·« (52) 
Likewise we get by (13) •* (24) and χ ·*• x' and (к,μ) •+ (к',μ') the corresponding 
expression for the (24) branch. Thus 
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i M.. (2ii)4 δ ( 4 ) (P. - P.) = 6 S S S 
f i f І μ
ΐ
μ2 μ1.
Κ
 μ3 μ4 μ 3 , μ 
λλ'γγ 
Σ Я Ш σ.ί*·) Σ С ^ * "γ) Ci* *; "γ·) 5(3)τ5η(1)5(4)γ η(2) 
'γγ'
 Ύ
 »Ι' 1 3 2 4 
4 ,4 ƒ d 4x d4x 
Up. -p-J-x+ifp.-p.J-x' 
'1 c3 2 'V ^ІТІф^'(х)ф][У
)(х')]|0> (53) 
By substituting (39) for φ it is found that the time-ordered product gives the meson 
propagator: 
<ο|τ[φ'λ)(χ) φ^,)(χ·)]|ο> = δ
λ ί λ
, 6ít_v (-)« 
iq(x- x') 
.'
Χ
>ί,ι *«
λ,
>ι..»11η» - л « ,.,ςίί') -i J d 4 q , e -
(2π) q_ + m - - ie 2 2 
С υ 
In this equation m is the meson (multiplet) mass. Now the integrations can be done 
and the momentum conserving delta function drops out. The final result is, when we 
let the baryons 1 and 2 be members of а (к) multiplet and 3 and 4 members of a 
{μ} multiplet (Fig. 5): 
„,ΒΒ, -
 Σ
 g (Χ,σ,,Χ·) lef ΐ \ > < > V )
 (-,β»> fi 
λγγ 
. Ύ 
Ι
 ml * m3 m2 - i m4 
* u(p ,s )γ и(р,,ε ) U(Pd'SA)ïlU(P9'S9) •3· =3"5" ι ιΊ' = Γ „2 2 - ^ V S " 1 ^ · ^ ' k + m - ιε 
(55) 
Now the same procedure is followed for BB scattering, through one meson 
exchange (Fig. 6): 
1 
(K*) 
F i g . 6 
We evaluate: 
^ ^ Г ^ Г ^ ^ - - Vw 2
 6
к.У4
 S
m.-m2
 S
k,-m4 
« ^ f l l W + QC») V ( Í 2 , S 2 ) Y 5 V ( 2 4 , S 4 ) e i ( P 2 - P 4 ) - x · (56) 
l i . 9 
The minus sign In front comes from normal ordering the antlpartlcle creation and 
annihilation operators. The amplitude follows as: 
Mfl(BB, - - l g (X, g (Χ·) l C i I i γ) c(" ^ "y-) 
Χγγ' I 1 3 4 2 
Κ
 "
(P3' S3 , Y5 u t pl' Sl > ~2 2 V (P2' S2 > Y5 V ( P4' S4 > " ( 5 7 ) 
к + m - ίε 
We have taken here the particle 1 In the Irrep {κ}, particle 3 In {μ}, antlpartlcle 
2 In {μ*} and antlpartlcle 4 In {к*} (Flg. 6). In obtaining (57) use was made of 
charge conservation at the vertices: 
(. ) С(-т 4) + g(-m2) + Q(l) = + l _ ( 5 8 ) 
We will now evaluate Mf. for several Initial and final states. 
First, states of definite SU(3,F) quantum numbers are constructed, i.e. 
members of a SU(3,F) multiplet {μ} for the Initial state and members of {μ'} for 
the final state. It will be obvious from the steps that led to (55) and (57), 
that in the somewhat more general case, when the interaction lagrangian contains 
terms for arbitrary baryon fields, and not only for the irreps {μ} and [κ} as we 
have in (47), the Clebsch-Gordan (C.G.) coefficients like C(K „ V γ) are replaced 
m i m 
We w i l l s t a r t from t h i s g e n e r a l l a g r a n g i a n form. For BB s c a t t e r i n g t h e 
i n i t i a l and f i n a l s t a t e s a r e : 
| i> = IMJPJHIO» = l с Л ¡¡2^») | μ 1 Μ 1 , μ Λ > 
Ш
Г2 1 2 (59) 
из Vi μ· 
•jp4.4 •- L " ' m , m. m' |f> - |μ μ ¡ iTo'm^ = I C( 
"3 "4 
Using (55) the matrix element M i s : 
Mfi(BB) = l g 1
 і
,
 з
.\) g (μ 2 ,μ 4 ,λ) [ ( - ) д Ш 
λ γ γ ' Im^mjm^ 
« с ^ * % > c c " * * , " ) с ^ ^
а ) C (^3W4V ; 
m, Í. m, m_ - i m . m, m_ m т
л
 m. m' 2 4 1 2 3 4 
x Ü ( 3 ) Y 5 U < 1 ) — ^ ¿ (4 )Y 5 U(2) 
к + m - Ι ε 
Again, our example here is pseudoscaiar exchange. 
(60) 
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We now use the following symmetry properties of the C.G. coefficients: 
w, n-. m W, μ, M, μ1 μ2 и3 μ2 и1 μ3 
C (
m
 m π, ^) = ζ, (μ,,μ,,μ,,γ) С(Г „, „ γ) 
ml Ш2 m3 1 1 2 3 m 2 m 1 m 3 
μ, μ, μ 
С (
ш
1
 m
2
 m
3
 T> = ï, <P1.U3.MVT.Y,> (-)Q(mi) ^ А Ь С (
т
1
 ™ Ι ï') 
т. т. т. J  ¿ 3 3 2 m. -т.. -т. 1 2 3 
μ, μ, μ 
μ. μ; μ^ 
ι "3 -t-i 
С (
« 1 т 2 Шз
 γ)
 "
 ξ3 « З'*» C(-«1 -m2 -^^ 
(61) 
The factors Ç = ± 1 can be found for various cases in [13]. Using (61) one finds. 
0 Ш μ 2 X μ 4 
' - '
 c (
m
 _
г m
 Υ') = ζΠμ, .λ .μ, , .γΜς,ίλ ,μ, ,μ^,γ ' ,γ-Ιξ ,Ιλ ,μ, ,μ^,γ" ) 
' Г
и 2 ' Р 2 . н 4 , и 2 ' к 4 ' 
/ Х W 4 У 2 λ У 4 W 2 / 
« ^ ¡ Τ ϊ ς Ci γ") = ξ ( μ 2 , μ 4 , λ , γ · , γ " ) C( * m¿ у") v i y U J (62) 
4 2 4 2 
Also used here was {λ*} = {λ}. With (62) the equation (60) is cast into the form: 
Mfi(BB) - <p 3 VM-a'm-|M| W lv 2 ; yam> = S ^ , ¿ ¡ ^ , 
* Ι ξ(μ2»μ4(λ,γ
,
,γ") / N 4 / N 2 g (μ1,μ3,λ) g (μ2,μ4,λ) 
μ! λ μ 3 γ 
u(3)Y5u(l) -j ^ 
к + ш - ιε 
u(4)Y5u(2) (63) 
The 6-3 coefficient is defined by [15] 
γ 
μ,μ' m,m' 
μ23 '1,23 
Σ «V m, •„ ^ 12» 
m m m 1 2 12 
χ C( 
т., m, m '12,3 ) C*( m 2 m 3 m 2 3 '23 
Y«) c * ( , 
μ1 w23 v' 
mj m 2 3 m' Yl,23 
) (64) 
12 3 
It gives the overlap between the SU(3) wave functions of the configuration (12,3) 
and (1,23), which gives a picture for meson exchange as in Fig. 7. 
In our case, where octet baryons and singlet or octet mesons are involved, 
the factor ξ(θ,θ,λ,γ',γ") = ξίβ,θ,λ,γ') is found to be 
singlet exchange: 
octet exchange: 
ξίΒ,θ,Ι,γ") = + 1 
ξΐθ,β,θ,γ') = (-) Y'-l 
(65) 
1,2 
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Fig. 7 
For BB scattering with, as in the BB case, initial and final states of definite 
SU(3,F) quantum numbers, it is now no surprise to find: 
Mfi(BB) = ^^».•р'а'т'|м|м v*;ycra> - μμ' nm' 
x Ι ξίμ^Ι^.λ,γ^,γ") q І у ,λ) g (μ2,μ ,λ) 
λγγ ' 
μ1 λ μ3 γ 
u(3)Y u(l) — ^ 
к + m - 1ε 
ν(2)γ5ν(4) (66) 
where now ξ (μ^μ^λ,γ· ,γ") V.Y» ^ '^1 «з^ - г^'»· 
Again, where we only use octet baryons and antibaryons and singlet or octet 
mesons, we find Ç(θ,β,λ,γ·,γ") - ξίθ,θ,λ,γ·) to be: 
singlet exchange: 
octet exchange: 
ξ(θ,θ,1,γ·) = + 1 
|(θ,8,8,γ·) - + 1 
(67) 
The breaking of SU(3,F), as it occurs in nature, is easily introduced in the 
formula's (63) and (66). The first source of breaking is the fact that the mesons 
within a multiplet {λ} (e.g. π,η,κ) do not all have the same mass m(X). In our 
calculations we take into account the mass differences between the different 
isoplets, but one can even take into account e.g. the π_-π mass difference. Thus 
to the mass m(X) an additional label I has to be attached. 
The second source of SU(3,F) breaking comes from the mass differences between 
the members of a baryon multiplet {μ}. This implies that the spinors should be 
labeled not only by μ (suppressed in the preceedlng) but also by the SU(3,F) index 
m. 
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This breaking of flavor symmetry forces us to break up the 6-j coefficient 
Into Its 3-j constituents. (In fact, these can then also be broken up again, 
allowing to introduce more symmetry breaking.) Due to the baryon mass breaking, 
it Is not sensible to work with the states (59). Maintaining only the 
и(1,У) χ SU(2,I) symmetry, contained in SU(3,F), we work with the (hypercharge-) 
isospin basis. Alternatively the particle states are easily constructed out of 
these isospin states, when even mass differences within an isoplet are relevant 
(as we did in chapter 3 for pp and nn). 
For BB scattering the initial and final states then are: 
-Ді І2 I | i > = I w j i j Y j . U j i ^ ; ^ 
Σ с-
*• m, m. m ffljm, 1 2 
К і адг 
(6 ) 
f> I V 3 Y 3 ' , J 4
I 4 V I , m , > l С ^
 I 4 τ\ Iy τ γ m .μ τ γ 0
 m, m. m' ' 3 3 3 3 4 4 • 
m,m. 3 4 3 4 
4 4 
Or when we split the SU(3) C G . coefficient in the product of a SU(2) C G . 
coefficient and an isoscalar factor: 
C (
v ν ν
 γ ) 
1 2 Э 
where υ 
1i 4 h ( μ ι "г w3 ) 
m i m 2 m 3 Vfi Чг ЧгІ 
one sees 
=
 Xi Vi V2 « "i W^ 
(I ,m. ,Y.), one sees 
;uaIYm> 
(69) 
(70) 
With (69) and the orthonormality of the isoscalar factors and the expansion (64) 
of the SU(3) 6-j coefficient one finds for the initial and final state of (68): 
Mfi(BB) = < и з з,у4 4 ; І ' т ' | м | і і ; У 2 2;Іт> = 6 ^ , 5 ^ , 
x I I t (W 2 rP.,X,Y\Y") /N /N g ( μ . , μ - , λ ) g (y ,μ ,λ) 
λγγ · Ι ' ϊ '
 ¿ 4
 4 ¿ Y I J γ ^ 4 
\4ι Ι·Υ· ijV*1 '*' 4 Чг I 
*
 u i 3 Y 3
( p 3 ' s 3 ) Y 5 u i 1 Y 1
( p
r
s i ) ТГГ^ 
I I' Ij 
о i4 i 4 
Η
 X2 1 . 
к +m - ie 4 4 2 2 
(71) 
The SU(2) 9-] coefficient (actually a 6-j coefficient) is defined analogously to 
(64). 
For BB scattering with, analogously to (6 ) defined, initial and final states 
one obtains: 
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Mfl(HB) -^IjYjfMjl^^'m'lMlyjI^.pJljYj.btf· -
= -Σ Σ ξ(ΐι2.μ4,λ,γ·,γ·') 9γ(μ1,μ3,λ) д^, (μ2,μ4,λ) 
λγγ' ΙΎ' 
\ Ι 1Υ 1 Ι·Υ· Ι3Υ3 / \ ΙΎ' V 4 Ι 2 Υ 2 / 
Χ ^(ρ,,Β,ίγ^,Ιρ,,β, 
Ι Ι' Ι 
0
 h 4 
li Ι 2 Ι . 
k m i , Y , " i E : 
v 2(P 2,s 2)Y 5v 4(p 4,s 4) (72) 
Still to be related to each other are the factors и(4)Ги(2) and ν(2)Γν(4). Г is here 
the vertex factor, and is given in Table IV, for the various types of interaction. 
Now ν = Y-u* so: 
(2)Г (4) - ( (2)Г (4)) Т - й(4)т4У2Г
Т
у4У2и(2) (73) 
Τ 
We used here γ = γ and γ* = γ_. In fact what we are doing here is determining 
minus the C-parity of the neutral member of meson multiplet, since for the vertex 
where a neutral meson φ is attached to, one has in general 
<B4^4ntiv0> - ^ " ' « O i v 0 » • 
p o о 
-
 <
Β4|οΖ1η,.|Β2φ0> (-)С(Ф ' •»й(4)Ги(2) = - (-)С(Ф 'vUKvU) 
(74) 
As seen before, the additional minus sign comes frem the normal ordering. The 
lagrangian oL . is invariant under the charge conjugation operator C: 
(75) 
-Ύ 4ϊ 2Γ
τ
γ 4Υ 2 
Ύ r a μ μν 
(р,+р
л
) . (p,+P„)w(p2+P4>
v 
6-2 - ^ ' е
г
,
 4' (Ρ,+Ρ/1)
μ
ϊ\ <P,+Pd>
w(p,+py 
*2 *4' ь - г · ^ ' 
Table IV: Vertex funetiona Cup to a factor) and their transfoimation and spin, 
parity and charge parity of the exchange meson (neutral member). 
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A final remark regarding Table IV. It is somewhat more subtle to determine the 
behavior of the vertex belonging to tensor meson exchange, under the operation 
Τ 
Γ •+ - Ύ.Υ7 Γ Υ¿fτ However, when one goes back to the lagrangian as given in 
Table III it is observed that under charge conjugation as done in (74), 
P 2 + P 4 - - P 2 - P 4 . 
From now on, we only consider scattering of octet baryons. In literature, one 
often encounters for octet-meson-exchange the coupling constant g_ » g and the 
D 
ratio a, which is the ratio of the F-coupling and the sum of F and D coupling 
(these are just combinations of our γ = 1, 2 couplings). 
The relation with our coupling constants g (8,8,8) is: 
gl (8,8,8) = - /ψ g(a- 1) 
g2(B,8,8) - /Î2 g a (76) 
g(8,8,l) - gi 
where we also give for completeness the identity between the singlet coupling 
constant g., as used in the literature, and our coupling constant g(8,8,l). 
The coupling constants at the BB'M vertices, g_-lu, can be expressed in terms 
BB M 
of g and a. When we take as the example pseudoscalar exchange, table V expresses 
PS PS these "physical" g__t„ in terms of g (= g ) and α (= α ), for В, В' - Ν, Л, Ζ. 
Во η о 
9
ΝΝπ
 = g 
9
Λ Σ 1 Γ
=
^
9 ( 1
-
α ) 
' Σ Σ * *
 2 g α 
О 
9
Λ Λ η " - £ g t l - 0 ) 
О 
9
Σ Σ η 8
 =
 ^
 9 ( 1
-
α ) 
9
ΛΝΚ
 =
 - 7 ? 9 ( 1 + 2 £ 0 
9 Σ Ν Κ - 9 ( 1 - 2 0 ) 
Table V: Relation betueen д0т.,и and g, α for the pseudoscalar octet. 
Do M 
Let us now write (72) as 
Mfi(BB) = - l GiBj i jBj i^XI-Y·) Ü γ 5 u — j î ν Y5 ν (77) 
XI'Y' к + т
І 1 у , - і е 
The strength factors ΟίΒ.Β.Β,Β,,-λΙΎ') can be expressed in terms of the coupling 
constant g-,,,.,. In table VI we give these factors for pseudoscalar octet exchange, 
Bo N 
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where I » 0, Y = 0 and I » 1, Y « О (as is the case in NN scattering). The exchange 
of a singlet meson requires B. - В and B_ - В and thus contributes with 
^iVaV 1' • «в, в, 6вЛ
л
 "Ι • 
1 3 2 4 
I - 0, Y = О NN ΛΛ ΣΣ 
NÑ 
ΛΛ 
ΣΣ 
Ι = 1, Υ = 
NÑ 
ΛΣ+ΣΛ 
/2 
ΣΣ 
3 g 2 ; g 2 
4
Ν№τ'
 ч
МЫгі8 
-**1ш 
* • « 
1 NÑ 
9
ΝΝπ
; 9
ΝΝη 8 
'
 Λ д
ЛИК
 9
ΣΝΚ 
2 9
Σ Ν Κ 
-^L 
9
ллп 8 
- ^ 4. 
ΛΣ+ΣΛ 
- • ^ Λ Ν Χ 
9
ΛΣπ''
 9
ЛЛл
а 
Δ 9
ΛΣ,
 9 1 
Α 
-
2g 
9
ΣΝΚ 
9 Σ Σ η 8 
im 
'
 9
ΣΝΚ 
^
9 L 
'L, 
ΣΣ 
2 9
Σ Ν Κ 
^
 9
ΛΣπ
 9
ΣΣπ 
2 2 
9
Σ Σ π
! 9
Σ Σ η 8 
Table vi: Fautore аіВ.В^З ;8Ι'Υ') to be inserted in {77), for -pseudosaalar 
exahange. 
In Table VI we took the I = 1, Y = О combination: 
|+> - -jj (|ΛΣ0> + |Σ0Λ>) (78) 
where one also has 
| - » - ^ (|ΛΣ0>- |Σ 0Λ» (79) 
2 
This last state has a diagonal potential with the strength - g, for ж-exchange 
an<i 9·« 'Згг frr n0-exchange. It does not couple, however, through me son-exchange 
ЛЛПд ΣΣΠ8 В 
to one of the other states with 1 = 1 , Y = 0. 
For such a |+> or |-> state with total angular momentum j, orbital angular 
momentum I and spin s we find under charge-conjugation C: 
ι £+S ι 
С |+; jml.s> = (-) | + ; jmis> 
С |-; ]m4s> = (-) |+; ]m£s> 
(Θ0) 
Since in the strong interaction parity and C-parity are conserved, and the C-parity 
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of the NN system is (-) , the |-> state can couple to the NÑ system only via a spin 
flip transition (|AS| = 1). 
In the above we have written everywhere n_ instead of n. This is done, since 
we still have to take the singlet-octet mixing into account. This is the mixing of 
the I' = 0, Y' = 0 member of the octet and of the singlet meson (one speaks then 
about the nonet). For the pseudoscalar nonet the physical particles η and η' are 
expressed in terms of the octet η_ and singlet n.» by 
P-M;;) • -•{ cos θ„„ - sin 8„„ PS PS si" β„- cos θ__ PS PS (81) 
For the Vector mesons, similarly a mixing angle θ is needed: 
CM;) (82) 
The coupling constants then undergo the same transformation. 
The BB potential can be found in [15] ("Nijmegen model-D"). Some remarks have 
to be made regarding the detailed form of this potential. 
1. In the derivation of the potential the propagator is replaced [16]: 
1 1 
,2 2 ?2 -2 
к + m к + m 
(83) 
where m can be found in [16]. 
2. The exchange potentials that are present in YN scattering (from К and K* exchange) 
are not present in BB, since here one can always distinguish particles and anti-
particles. 
3. A more subtle symnetry breaking effect like charge-symmetry breaking is not taken 
into account. This would occur here due to IT -η mixing and Λ-Σ mixing. 
5.4 Annihilation and phenomenological potential 
In our model for NÑ scattering (Chapter 3) an important phenanenological 
component is present, in the form of the annihilation mechanism, with a potential 
V, ' and threshold for the "mesonic" channels E„ , and furthermore in the 
A Τ 
potential V . , that works in the NÑ channel. ph 
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For the NN part (and its annihilation channels) we use the parameters as given 
in Table VII. They differ somewhat from those of Chapter 3, since we do not take the 
nonlocal central potential into account anymore. 
I » 0 
I = 1 
V 
с 
- 7795 
- 2009 
V 
ss 
40Э 
- З О 
т 
-699 
127 
v
So 
7223 
8700 
V(l,I) 
2221 
898 
V(2#I) 
5433 
5682 
2 2 
Table VII: Potential parametera in MeV. m = 645 Ме /с
 3 m - 426 Ме /о . 
For the other BB channels (the ΥΫ channels) we have to decide how to take the 
annihilation into account. First, we attach two "mesonic" annihilation channels to 
each YY channel, just as is done for NN. 
In principle the thresholds of the annihilation channels for ΥΫ can be different 
from those of NN. On the other hand, one might also change the annihilation 
potential. Or one could do both. We have, more or less arbitrarily, kept the 
thresholds at the NÑ values of 1700 and 420 MeV. The annihilation potential V^ ' 
has been adjusted in a very limited way (for ЛЛ, where we calculated observables). 
The number of channels now becomes as large as 18 for I = 0: 2*(3 BE channels + 
3*2 annihilation channels). The overall factor of 2 arises since the tensor 
interaction couples the Í = j ± 1 triplet waves. Isospin 1 = 0 and 1 = 1 mixing, due 
to the Coulomb interaction or mass-differences is neglected. 
How the phenomenological potential should be taken over for the ΥΫ channels 
(and for their coupling to each other and to NÑ) is uncertain. One could either leave 
it out completely for these channels, or use a very simple prescription. Introducing 
a new set of parameters (for 1 = 0 and 1 = 1 and the different potential types!) is 
impossible since there is not enough data to fix them. We tried what the influence 
would be when the potential was taken over, by regarding each potential form 
(central, spin-spin, etc.) as the sum of an octet and a singlet contribution. With 
the 1 = 0 and 1 = 1 strengths of V . (Table VII) we can fix for example the octet 
ph 
coupling gí, and the singlet coupling gf . The parameter α is then still free. 
о 1 
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Table VI t e l l s us how to find the strength of the phenomenological potent ia l for the 
ph 
other channels. However, we found out that in t h i s way, for no value of α , a 
sat is factory resul t could be obtained for σ (pp •* ΛΛ) Ξ σ,τ and for 
äa ^ Л Л 
-=r· (pp •* ΛΛ) = . Also the s inglet-fract ion S rose to quite large values (S ~ 1). 
So we decided to take V . only into account for the NÑ channels. ph 
However, V . was thought to f i l l in at l eas t partly our lacking knowledge of the ph 
inner region of the meson-exchange potent ia l . We applied in Qiapter 3 a l inear cutoff 
on the G-parity transformed model-D potent ia l . This l inear cutoff has quite some 
influence on the K-, and notably the short ranged K* potent ia l . We decided, since 
we have no prescription for the phenomenological potent ia l in NN •* ΥΫ, to äiange th i s 
-Ρ/Λ2 
cutoff into a soft core, by the use of an exponential form factor e . Tíie 
result ing meson-exchange potent ial for К and K* can be found in [ 1 7 ] , where we kept 
to the prescription of model D to neglect nonlocal terms (replace V φ -f φ V by 
с с 
—φ in [ 1 7 ] ) . When the phenomenological potent ia l i s reminiscent of annihi lation 
into three mesons through rearrangement, one would not expect i t to contribute to 
strangeness exchange reactions l ike NÑ •* ΛΛ. We have, however, no indication about 
2 the origin of V . . The cutoff mass Λ has been taken Λ = 500 MeV/c . ph 
Our f i r s t in teres t now i s in the reaction pp -> ΛΛ. Some data are available on 
th is reaction [ 1 ] . The ΛΛ threshold i s the lowest of the ΥΫ thresholds. We thus 
extend the range of momentum where our NÑ model should give reasonable r e s u l t s , and 
of course one should stay as near as possible to the region where we did the f i t to 
the NÑ data. With the detai led NÑ model the i n i t i a l pp s ta te should be reasonably 
well described. Within the context of К and K* exchange the trans i t ion potent ia l i s 
known. The most uncertain part i s the f inal s ta te ΥΫ interact ion. 
5.5 Results 
We applied the BB coupled channels model to NN -*- ЛЛ. Let us f i r s t include 
K-meson exchange for the strangeness exchange potent ia l . In order to obtain a 
reasonable value for σ.τ, about in the middle of the region where the data of [ l ] 
can be found, we increased the ЛЛ annihilation potent ia l by — = 1.19. l i l i s lowered 
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α .τ by 2 0 - 30%. A remarkably good resul t for σ.τ i s thus obtained (Figure 8 ) . As a 
ΛΛ ΛΛ 
function of the Λ center-of-mass momentum ρ , the cross sect ion σ.τ goes Linearly 
cm лл 
up to ρ η 50 HeV/c (ρ, . - 1445 И /с) within a few percent. I t then r i ses l e s s 
cm lab 
rapidly. The l inear r i se corresponds to the s-wave behavior of the cross sect ion 
at threshold ( i . e . σ,τ ~ (p, . - p, . ) , p, . = 1435 MeV/c). When we take a lock 
. ΛΛ lab lab lab 
at —¿r a t 1690 MeV/c, i t looks as i f th i s d i f ferent ia l cross sect ion r i s e s too 
slowly in the forward d irect ion . Furthermore, i t shows a dip in the extreme forward 
direction (Figure 9 ) . This behavior of da.-r/âil i s seen also at other energies . The 
data of Jayet e t a l [1] consis tent ly show a d i s t i n c t peak in the forward direct ion. 
Spin correlation coef f i c i ents are given in Figures 10, 11, 12, and 13. Піе 
polarization Рт (Figure 14) i s negative at a l l angles and rather smooth (for our 
Λ 
sign convention for spin correlations see Section 2 ) . Wie s i n g l e t fraction S i s 
very small (Figure 15). We w i l l come back to th i s point. 
Next l e t us include a l so K* exchange. The К and K* spin-spin potent ia ls have 
opposite s igns, but the tensor potent ia ls are of equal s ign. In order to obtain 
reasonable values for a.j we had to increase the ЛЛ annihilation potent ia l by a 
factor (m./m ) = 2.38 with respect to the NN value. The cross sect ion σ.-τ i s 
lowered then by a factor 5. Now σ.τ shows a quite different behavior (Figure 16). 
Although i t does r i s e a t very low ΛΛ center-of-mass momentum l inearly, i t continues 
to r i s e rapidly (result ing in a too large σ,τ a t the high momenta). 
With both К and K* contributing, da .r/dH (Figure 17) shows more structure than 
with К ortly. S t i l l , in the forward direction i t does not continue to r ise and shows 
the extreme forward dip too. With th i s consistent ly appearing dip i t i s noteworthy 
that recently preliminary data from LEAR have been published [ 1 8 ] , where th i s rapid 
forward r i s e i s absent too. 
Not only da.-r/dSl but a l so the spin correlations (Figures 18, 19, 20, and 21) 
and the polarization (Figure 22) and s i n g l e t fraction (Figure 23) show more 
structure. Over almost the ent ire so l id angle the polarization i s negative, becoming 
at the extreme - 0 .7 . The s i n g l e t fraction Is s t i l l small (s ;$ 0.2) at a l l angles. 
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Remarkable i s that for both cases considered, К only and K + K*, by far the 
largest contribution to σ,τ comes from the off-diagonal tensor potent ia l . For 
ΛΛ 
K-exchange only the trans i t ion Л - + A T = £ - - 2 (triplet-coupled wave) 
contributes 81% at p, . - 1500 MeV/c and 64% at p, . = 1760 MeV/c to σ ,
τ
. For K + K* lab lab ΛΛ 
exchange these nuniers are 83% and 70% respect ively. ITiis a l so explains the small s . 
We think that one should compare th is to the s i tuat ion where the NÑ system 
annihilates to lower-lying channels. Here the main contribution to σ conies from 
the triplet-coupled waves too, although here i t i s mainly the trans i t ion 
*^i " j - 1 + î - , . = J (see Table III of Chapter 3) . 
We understand th i s in terms of wave function overlaps. When the radial wave 
/£,(£+ 1 ) 
functions were the free solut ion pr j . (pr) , these would r i se up to r ~ , 
* Ρ 
where ρ i s the center-of-mass momentum. 
Since ρ > ρ - these maxima can f a l l together when I > 1 - . Obtaining the 
maximal overlap of wave functions gives in the f i r s t Bom approximation or in a 
distorted wave Born approximation the maximal contribution t o the transit ion 
probabil ity. A similar reasoning can be done for NN ->• ΛΛ. We admit, however, that 
a Bom approximation i s not expected to hold where the potent ia ls are quite strong. 
Since the forward dip i s not observed in the data that we compare with and 
a l so the forward d i f ferent ia l cross sect ion shows a too modest r i s e , we tr ied 
several other schemes to a l ter th i s behavior. We tr ied to modify the f inal s t a t e 
ΛΛ interaction with a central potent ia l . This did not y i e l d much better r e s u l t s . We 
a l so tr ied to compensate part of the strong K* potent ia l by adding a scalar meson 
exchange potent ia l . However, since the major part of σ,τ comes from the tensor 
interact ion, to which a scalar meson does not contribute, th i s did not improve the 
results e i ther . In recent l i terature another approach can be found [ 1 9 ] , where the 
K** i s included in order to obtain a reasonable value for o-. Here, however, a l so 
ΛΛ 
additional interaction in the ΛΛ channel i t s e l f has to be included. S t i l l another 
approach i s taken in [ l ] , where degenerate K* and K** tra jector ies combined with 
a Regge cut i s taken. Finally we want to mention the work of ref. [ 2 0 ] , where 
resu l ts comparable to ours are found in an opt ica l model. No K** contribution i s 
included there. 
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Appendix 
Pauli matrices: 
•••с:) -с; 1 ) -с:. ) 
y-matrices: 
у 0
" ( о ! ) Y4 = 1 Y 0 ί = ( ι 0 ? Τ ) 
ätrlc: 
-1 
! " 
g 
splnors: 
u(p,s) = /E + - / 1 \ 
\ E + m / 
v(p,s) = γ , u*(p,s) 
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SAMENVATTING 
Het onderwerp van dit proefschrift is de nucleon-antinucleon (NN) wisselwerking. 
Deze wordt onderzocht aan de hand van een gekoppeld kanalen model, dat we toepassen 
voor de beschrijving van lage energie verstrooiing. 
Het meest in het oog springend aspect van de NN wisselwerking is de mogelijkheid 
tot annihilatie van nucleón en antlnucleon. In geval van annihilatie konen velerlei 
soorten mesonen vrij, en wel in paren of in drietallen of zelfs met nog meer 
tegelijk. De meeste mesonen vallen vervolgens snel uiteen, voornamelijk in pionen. 
Dit alles heeft tot gevolg dat als eindproduct van de annihilatie vele deeltjes 
aangetroffen worden. Bij hogere energieën kan in plaats van een aantal mesonen ook 
een andere verzameling deeltjes resulteren uit de NÑ wisselwerking, zoals bijvoor-
beeld een hyperon-antihyperon (ΥΫ) of een ΝΝπ systeem. Het feit dat voor de 
annihilatie van nucléon en antlnucleon veel verschillende eindtoestanden ("kanalen") 
mogelijk zijn met daarin in het algemeen een groot aantal deeltjes, maakt de NN 
interactie tot een ingewikkeld fenomeen. 
Hoofdstuk 1 geeft, naast een beschrijving van de diverse verschijnselen die 
samenhangen met de NN wisselwerking, een uiteenzetting over twee theoretische 
stromingen ten aanzien hiervan en enkele daarin gangbare modellen. Deze twee 
stromingen zijn de "nucleaire fysica" en de "quark fysica" benadering, die veeleer 
als canplementair dan als tegenstrijdig beschouwd worden. 
In het kader van de nucleon-nucleon wisselwerking houdt de nucleair fysische 
benadering in, dat deze interactie wordt beschreven in termen van uitwisseling van 
mesonen. Het formalisme dat hiervoor gebruikt wordt, is goed ontwikkeld en bevat 
onder andere de mogelijkheid om met behulp van symnetrieën tussen de deeltjes (de 
SUO,F) symmetrie) diverse processen zoals nucleon-nucleon verstrooiing en hyperon-
nucleon verstrooiing aan elkaar te relateren. Het nucleaire fysica model is zeer 
succesvol gebleken voor de beschrijving van de nucleon-nucleon wisselwerking (of 
meer algemeen de interactie tussen de baryonen, i.e. in dit verband de nucleoneη 
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en hyperonen Λ, Σ, en Ξ). Met behulp van eenvoudige regels kan de meson-uitwisse-
lingspotentiaal voor het nucleon-nucleon systeem vertaald worden naar die voor het 
nucleon-antlnucleon systeem. Het door ons ontwikkelde gekoppelde-kanalen model heeft 
deze NÑ meson-uitwisselingspotentiaal als uitgangspunt. Hiernaast dient ook de 
annihilatie nog beschreven te worden en de vorm van de meson-uitwisselingspotentiaal 
op korte afstand, hetgeen fenomenologisch geschiedt. Nucleaire fysica modellen zijn 
vrij succesvol in het reproduceren van de globale verschijnselen die optreden ten 
gevolge van de NÑ interactie. 
Waar in 4e nucleaire fysica baryonen en mesonen in principe ondeelbaar zijn, 
gaat de quarkfysica er van uit dat deze opgebouwd zijn uit quarks, antiquarks en 
gluonen. De annihilatie van nucleón en antinucleon, die drie quarks respectievelijk 
drie antiquarks bevatten, kan nu geschieden door annihilatie van een of meerdere 
quark-antiquark paren, maar ook door de quarks en antiquarks opnieuw te rangschikken, 
waardoor een configuratie van drie mesonen (die elk tenminste een quark en een anti-
quark bevatten) ontstaat. Er zijn op deze wijze ook nieuwe deeltjes te vormen in NÑ 
annihilatie, namelijk zogenaamde baryonium toestanden die twee quarks en twee anti-
quarks bevatten. Een voorbeeld hiervan zou de S(1934) toestand kunnen zijn. De 
quarkfysica kan aldus een meer gedetailleerde beschrijving van de annihilatie 
leveren dan de nucleaire fysica. Het is echter nog niet mogelijk om met behulp van 
de quarkfysica ook de meson-uitwisselingspotentiaal te vervangen. Quark-fysische 
modellen zijn dan ook nog niet zo ver dat de resultaten van dezelfde kwaliteit 
zijn als die van de nucleaire fysica modellen. 
Het tweede hoofdstuk geeft een resumé van de ingrediënten uit de verstrooiings-
theorie die we nodig hebben om met het gekoppelde-kanalen model observabelen als 
werkzame doorsnedes te kunnen berekenen. Tevens wordt hier het parametnzeren van 
resonanties besproken en een nieuwe parametrizatie afgeleid, die geschikt is om een 
of meerdere resonanties te beschrijven, ook wanneer deze optreden in een meerkanaals 
systeem. 
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Het derde hoofdstuk bespreekt In detail het gekoppelde-kanalen model en de 
resultaten die hiermee behaald zijn voor nucleon-antlnucleon verstrooiing. Onder 
andere worden totale en differentiële werkzame doorsnedes vergeleken met een 
uitgebreide set van experimenteel geobserveerde waarden. Het resultaat is een 
2 
gedetailleerde fit met een χ /data = 1.39. De afstand waarbinnen de annihilatie 
werkzaam Is, blijkt vrij groot te zijn, namelijk in de orde van 1.5 fm. Gezien het 
feit dat dit in overeenstemming is met vat in diverse andere modellen gevonden 
wordt en gezien de kwaliteit van de fit lijkt het redelijk aan te nemen dat annihi­
latie een medium tot lange dracht verschijnsel is. 
Hoofdstuk vier gaat in op de mogelijkheid dat in de data van een specifiek 
experiment een aanwijzing te vinden is voor de 5(1934). Deze data zijn reeds eerder 
onderzocht, zonder dat men er de aanwezigheid van deze resonantie in kon aantonen. 
Echter, nadat de achtergrond beschrijving van deze data, zoals die volgt uit het 
gekoppelde-kanalen model, in rekening is gebracht, resteert in de data een structuur. 
Deze ligt juist op de positie waar men op grond van vroegere waarnemingen reeds de 
aanwezigheid van de S(1934) vermoedde. Met behulp van de resonantie parametrizatie 
lelden we enkele karakteristieken van de mogelijke resonantie af. Op grond van 
model berekeningen doen we suggesties voor andere experimenten waarin de S(1934), 
indien deze bestaat, duidelijker te zien zal zijn. 
In hoofdstuk vijf wordt het nucleon-antinucleon model uitgebreid door ook 
hyperon-antihyperon kanalen erin op te nemen. Met behulp van het SU(3,F)-formalisme 
leiden we de voorschriften af voor de vertaling van de meson-uitwisselingspotentiaal 
van baryon-baryon naar baryon-antibaryon. Aangezien bijvoorbeeld K-meson uitwisseling 
de overgang van NN naar YY kan bewerkstelligen, verschaft deze potentiaal een 
(parameter-vrij) mechanisme dat een reactie als proton-antiproton + lambda-antilambda 
beschrijft. Toch moeten er nog keuzes gedaan worden voor de ΥΫ annihilatie en de 
korte-dracht interactie. Met deze keuzes blijkt het mogelijk een redelijke 
representatie van de werkzame doorsnede van de bovengenoemde reactie te verkrijgen. 
De bijdrage van de singlet golven aan de verstrooiing is kleiner dan 20%. Wat 
betreft de differentiële werkzame doorsnede is er kwalitatieve overeenstemming met 
de schaarse data. Het wachten is hier op de resultaten van nieuwe experimenten. 
135 

CURRICULUM VITAE 
Paulus Henricus Antonius Timmers, geboren op 30 mei 1956 te Roermond. 
Middelbare school, Gymnasium β, aan het Elzendaalcollege te Boxmeer en het 
Thomascollege te Venlo van september 1968 t o t ju l i 1974. 
Universitaire studie natuurkunde aan de Katholieke Univers i te i t te Nijmegen, van 
september 1974 t o t 12 juni 1980. Doctoraal examen met hoofdvak natuurkunde en 
bijvakken u i t de theoretische natuurkunde en de wiskunde. 
Van 01-07-1980 to t 01-07-1984 a l s wetenschappelijk medewerker verbonden aan het 
Inst i tuut voor Theoretische Fysica te Nijmegen, in dienst van de St icht ing voor 
Fundamenteel Onderzoek der Materie. 
Sinds 01-09-1984 werkzaam bi j Phi l ips Data Systems te Apeldoorn. 

STELLINGEN 
I 
De analyse van de rcN-P33-partiële-golfamplitude, met behulp 
van een parametrizatle met overlappende resonanties, vertoont 
een voorkeur voor een tweetal vrijwel ontaarde resonanties 
2 2 
rond 1985 MeV/c , elk met een breedte van ongeveer 250 MeV/c . 
II 
Het is niet nodig bij het berekenen van de magnetische 
momenten van multiguark toestanden de volledige SU(6,FS)-
golffunctie expliciet te kennen. 
W. Thirring, Acta Physioa Austriaoa, Suppl. II (1966). 
III 
De oplossingen bij verschillende energieën van de relativis-
tische meerkanalen-Schrödinger-vergelijking zijn in het 
algemeen niet orthogonaal, hetgeen illustreert dat deze 
oplossingen geen volledige beschrijving vormen. 
IV 
Een mogelijke bijdrage tot de nucleon-nucleon wisselwerking 
bestaat uit één-gluon-uitwisseling gevolgd door quarkver-
wisseling. In de berekening van dit proces door K. Holinde 
worden de spin-isospin-operatoren van de quarks vervangen 
door de spin-isospin-operatoren van de nucleonen. Hierbij 
worden ten onrechte slechts tussentoestanden met nucleon-
guantumgetallen in rekening gebracht. 
K. Holinde, Phys.Lett. ПШ, 266 (1982). 
V 
De bewering van A. Green dat 90% van de NN annihilatie 
via een drie-meson-toestand verloopt, wordt ontkracht 
doordat in de ter ondersteuning aangehaalde referentie 
het tegendeel wordt beweerd. 
A.M. Green and J.A. Niskanen, Nucl.Phys. A 412, 448 
(1984). 
R.K. Logan, S. Kogitz, and S. Tanáka, Can.J.Phys. 
55, 2059 (1977). 
VI 
Om een axiomatische bewijsvoering voor de correctheid van 
algorithmen ook voor een feitelijke implementatie op een 
computer zinvol te laten zijn dient men minimaal te 
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Bij verstrooiingsexperimenten worden, bij een inkomende flux 
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